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respect  to  the  maximum  applied  normal  stress, 
for  p=l/2p^,  a=20pm,  u=.l,  E^/E2=2.5,  d=.2;jm. 

D.6  The  steady  state  Oyy  component  of  the  state  167 

of  stress  at  different  depths  normalized  with 
respect  to  the  maximum  applied  normal  stress, 
for  p=l/2p^,  a=20Mm,  li=.l,  E^/E2=2.5,  d=.2pm. 

D.7  The  steady  state  Oxx  component  of  the  state  168 

of  stress  at  different  depths  normalized  with 
respect  to  the  maximum  applied  normal  stress, 
for  p=3/4p^ ,  a=20yra,  M=.l,  E^/E2=2.5,  d=.2pm. 

D.8  The  steady  state  component  of  the  state  169 

of  stress  at  different  depths  normalized  with 
respect  to  the  maximum  applied  normal  stress, 
for  p=3/4p^,  a=20pm,  ii=.l,  E^/E2  =  2.5,  d=.2ijm. 

D.9  The  steady  state  Oxx  component  of  the  state  170 

of  stress  at  different  depths  normalized  with 
respect  to  the  maximum  applied  normal  stress, 
for  p=l/2p^^,  a=20um,  u=.l,  E^/E2=l. 

D.IO  The  steady  state  Cyy  component  of  the  state  171 
of  stress  at  different  depths  normalized  with 
respect  to  the  maximum  applied  normal  stress, 
for  p=1/2Pq,  a=20Mm,  u=.lf  E^/E2=l. 

D.ll  The  steady  scate  i^^y  component  of  the  state  172 

of  stress  at  different  depths  normalized  with 
respect  to  the  maximum  applied  normal  stress, 

for  p=l/2p  ,  a=20nm,  y=.l,  E,/E  =1, 
c  2 

D.12  The  steady  state  component  of  the  state  173 

of  stress  at  different  depths  normalized  with 
respect  to  the  maximum  applied  normal  stress, 
for  p=3/4p^,  a=20lJm,  u=.i,  E^/E2=l. 

D.13  The  steady  state  o^y  component  of  the  state  174 

of  stress  at  different  depths  normalized  with 
respect  to  the  maximum  applied  normal  stress, 
for  P=3/4Pq,  a=20ym,  y=.l,  E^/E2=l. 

D.14  The  steady  state  x^^y  component  of  the  state  175 

of  stress  at  different  depths  normalized  with 
respect  to  the  maximum  applied  normal  stress, 
for  p=3/4p  ,  a=20ym,  u=.l,  E^/E2=l. 
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1. 


INTRODUCTION 


If  a  surface  treatment  were  developed  which  would 
reduce  friction  and  wear  between  sliding  surfaces,  both 
energy  and  cost  would  be  saved.  In  the  United  States  alone, 
several  billion  dollars  are  spent  each  year  to  replace  worn 
out  pistons,  bearings,  cutting  tools,  and  the  like.  It  is 
apparent  that  a  superior  wear  resistant  surface  would  not 
only  have  a  large  economic  impact,  but,  also  would  open  up 
new  opportunities  in  design  and  manufacturing.  Surface 
treatments  presently  being  used  on  a  commercial  basis  to 
alter  the  tribological  properties  of  metals  include  ion 
nitriding,  vacuum  coating,  and  chemical  vapor  deposition 
processes.  Recently,  ion  implantation  has  shown  promise  as 
a  method  of  improving  not  only  friction  and  wear  properties, 
but  also  fatigue,  corrosion,  and  oxidation  properties  of 
metals.  Ion  implantation  is  a  process  by  which  high  energy 
ions  strike  and  penetrate  a  solid  target  at  the  end  of  a 
vacuum  chamber. 

In  the  past  decade,  numerous  investigators  have  shown 
that  ion  implantation  improves  wear.  However,  tribological 
properties  of  implanted  metals  have  not  been  clearly 
established.  A  basic  understanding  of  chemical  and 
mechanical  modifications  of  the  implanted  surface  is  a 
pre-requisite  for  understanding  how  ion  implantation  affects 
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the  friction  and  wear  behavior  of  metals.  Small  amounts  of 


alloying  elements  can  significantly  modify  the  surface 
chemistry  [1]  and  affect  the  friction  and  wear  of  the 
surface.  Through  the  understanding  of  the  effects  of  ion 
implantation  on  chemical  and  physical  behavior,  the 
mechanisms  of  friction  and  wear  can  be  established  to 
provide  the  basis  for  optimizing  the  implaration  process. 
It  is  in  this  area  of  fundamental  understanding  that  present 
knowledge  is  deficient. 

In  chapter  2,  the  theories  of  friction  and  wear, 
specifically  the  classical  adhesion  theory  and  the  more 
recent  delamination  theory  are  described.  The  review 
discusses  the  deficiencies  of  the  adhesion  model  and 
explains  how  the  delamination  theory  accounts  for  these 
deficiencies.  Specifically,  the  delamination  model  explains 
the  dependency  of  the  wear  rate  and  friction  coefficient  on 
sliding  distance.  The  principles  of  this  theory  indicate 
that  the  implications  of  ion  implantation  may  be  important 
in  lowering  friction  and  prolonging  mild  forms  of  wear. 


Relevant  literature  and  some  background  information  on 
the  basic  process  and  equipment  is  reviewed  in  Chapter  3. 
In  the  past,  changes  in  the  friction  coefficient  and 
decreases  in  the  wear  rate  were  observed  for  a  wide  variety 


surface.  Despite  the  efforts  of  these  investigators, 
fundamental  research  is  still  needed  in  order  to  understand 
the  many  implications  of  ion  implantation.  Various 
hypotheses,  including  increased  hardness,  oxide  formation, 
and  changes  in  the  chemical  nature  of  the  surface,  have  been 
advanced.  They  attempted  to  explain  how  this  process, 
affecting  such  a  thin  layer,  can  produce  such  drastic 
changes  in  the  tribological  behavior  of  metals.  However, 
many  of  these  hypotheses  are  not  supported  by  experimental 
evidence  or  by  fundamental  mechanics  of  materials.  For 
example,  if  the  hardness  is  increased  or  if  the  chemical 
properties  of  the  surface  are  changed  in  such  a  thin  layer, 
then  how  do  these  effects  interact  with  the  friction  and 
wear  mechanisms?  This  question  remains  unanswered,  and  has 
prompted  the  work  summarized  in  this  report. 

Experimental  procedure  and  results  are  reported  in 
Chapter  4.  The  experimental  procedure  is  given  detail  so 
that  the  results  of  different  investigations  can  be 
accurately  compared.  Numerous  articles  written  on  ion 
implantation  do  not  give  sufficient  detail  of  the 
experimental  procedure  to  make  their  results  valuable  to 
other  investigators.  The  variation  between  experimental 
programs  has  been  pointed  out  to  caution  the  reader  when 
interpretating  and  comparing  results.  Briefly,  the 
experimental  results  of  this  investigation  show  that  of  the 
ion-substrate  systems  investigated,  only  the  A1  /Fe,  N  /Fe 
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1 


and  N^/Ti  systems  showed  an  improvement  in  the  friction  and 

+  + 

wear  properties  over  the  unmodified  surface.  N  and  Zn 
implanted  into  copper  did  not  enhance  the  tribological 
behavior  of  the  surface. 

Using  the  experimental  results  as  a  guide,  a  model  of 
the  mechanisms  of  friction  and  wear  of  ion- implanted  metals, 
based  on  the  delamination  theory,  is  postulated  in  Chapter 
5.  The  relationship  between  hardness,  surface  chemistry, 
and  plowing  is  introduced.  It  is  interesting  that  the  role 
of  a  thin  hard  layer  is  not  one  of  supporting  the  forces,  as 
is  the  case  with  a  thick  hard  layer,  but  one  of  reducing 
plowing.  Under  the  experimental  conditions  used  in 
conducting  the  tests,  the  plowing  component  is  the  major 
component  of  the  friction  force.  Hence,  a  reduction  in 
plowing  implies  a  reduction  in  the  friction  coefficient.  A 
finite  element  model  of  the  subsurface  deformation  for  an 
isotropic  linear  elastic  semi-infinite  solid  under  the 
contact  of  a  stationary,  rigid  asperity,  shows  that  the 
friction  coefficient  has  the  most  influence  on  reducing  wear 
for  a  metal  substrate  wi-h  a  hard  thin  layer  near  the 
surface.  Thus  the  reduction  in  the  friction  of 
ion-implanted  metals  is  accompanied  by  a  reduction  in  the 
wear  rate. 


I 
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In  Chapter  6,  the  experimental  results  are  discussed. 
In  the  past,  examination  of  the  specimen  surface  was  of 
primary  interest.  The  importance  of  observing  both  the 
slider  and  specimen  is  discussed.  It  is  not  sufficient  to 
examine  just  the  specimen  surface  since  the  geometry  and 
contact  forces  differ  significantly  between  the  disk  and 
pin.  The  chapter  concludes  with  a  proposed  model  of 
friction  and  wear  behavior  of  the  Al^  implanted  iron  system, 
which  accounts  for  the  continued  wear  resistance  of  the 
specimen  surface  at  depths  much  greater  than  that  of  the 
implanted  layer. 

A  common  question  is  whether  ion  implantation  compares 
favorably  with  other  surface  treatment  processes  as  a  method 
of  reducing  wear.  If  ion  implantation  cannot  enhance  the 
tribological  properties  of  metals  to  the  extent  that  other 
processes  can,  then  it  may  have  no  practical  application. 
This  has  prompted  the  work  discussed  in  Chaper  7. 
Conventional  ion  nitriding  is  compared  against  the 
implantation  process.  Finally,  conclusions  and 
recommendations,  based  on  the  results  of  this  investigation, 
are  summarized  in  Chapter  8. 


2.  FRICTION  AND  WEAR  THEORIES 


The  basic  friction  and  wear  theories  are  reviewed, 
since  it  is  only  through  the  understanding  of  these  theories 
that  a  model  for  the  wear  of  ion- implanted  metals  can  be 
postulated. 

2 . 1  Adhesive  Wear 

Wear  has  been  typically  classified  into  the  following 
categories  [2];  adhesive  wear,  abrasive  wear,  corrosive 
wear,  and  surface  fatigue  wear.  The  most  common  of  these  is 
adhesive  wear,  which  c  curs  whenever  two  bodies  slide  over 
each  other.  When  a  junction  from  one  of  the  surfaces  comes 
in  contact  with  a  junction  from  the  opposing  surface,  there 
is  a  probability  (small  but  finite)  that  shearing  will  not 
occur  at  the  interface,  but  within  one  of  the  materials  when 
this  contact  is  broken.  This  material  may  transfer  to  the 
opposing  surface  or  may  come  off  as  a  loose  particle  (see 
Figure  2.1.1). 

Some  of  the  earliest  work  in  wear  theory  was  conducted 
by  Archard  [3]  in  1953  when  he  developed  quantitative  laws 
of  adhesive  wear.  He  proposed  that  the  wear  volume  of 
fragmented  particles  is  given  by: 


Figure  2.1 


L 


.  1  Adhesive  wear  model.  If  the  shear  strength  of 
the  junction  is  higher  than  the  bulk  strength  of 
the  weaker  material  A,  shear  will  take  place  in 
material  A  (path  2)  instead  of  at  the  interface 
(path  1) .  [reference  2] 
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kLX 

3P 


Where: 

k=  wear  coefficient 

L=  normal  load 

P=  hardness  of  the  softer  material 

X=  sliding  distance 

The  wear  coefficient,  k,  is  dimensionless  and  can  be 
Gonsidetcd  as  the  probability  of  forming  a  loose  wear 
particle  during  the  transfer  of  particles  between  two 
bodies.  It  is  often  used  to  compare  relative  wear 
resistance  between  materials.  Yet,  the  dependency  of  k  on 
such  parameters  as  cleanliness,  and  mechanical  and  chemical 
properties,  is  not  clear.  This  model  assumes  circular 
junctions  and  hemispherical  fragments  which  gives  rise  to 
the  factor  of  3  in  the  denominator. 

In  the  past  decade  Rabinowicz  [4]  has  investigated  the 
effects  of  surface  energy  and  other  chemical  properties  on 
adhesive  wear  and  has  used  these  results  to  help  predict  the 
wear  coefficient  which  has  had  great  practical  application. 
Recently,  researchers  have  begun  to  challenge  the  validity 
of  the  basic  adhesive  model  since  it  does  not  consider  the 
mechanics  of  deformation  and  fracture  [5].  This  has  given 
rise  to  the  delamination  theory  of  wear. 
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2 . 2  Delamination  Theory  Of  Wear 

The  delamination  theory  of  wear  was  proposed  because 
the  observed  behavior  of  sliding  surfaces  can  not  be 
explained  using  the  adhesive  theory  of  wear.  According  to 
the  delamination  theory,  wear  particles  are  formed  by  the 
following  mechanisms  under  sliding  conditions  [6]  (Figure 
2.2.1); 

1.  When  two  sliding  surfaces  contact,  the  tangential  and 
normal  forces  are  transmitted  at  the  point  of  contact 
by  adhesion  and  deformation  of  asperities.  The  softer 
material  becomes  smooth  after  repeated  traversals  due 
to  the  deformation  and  fracture  of  the  soft  asperities 
by  the  harder  surface. 

2.  Upon  repeated  traversals  the  subsurface  of  th*;  softer 
material  undergoes  plastic  deformation. 

3.  This  subsurface  deformation  continues  until  voids  are 

nucleated  below  the  surface.  These  voids  do  not 
nucleate  at  the  surface  since  the  triaxial  state  of 
compressive  stress,  which  opposes  void  nucleation,  is 
maximum  at  the  surface.  At  a  depth  where  the 

compressive  stresses  becomes  smaller  than  the 
deformation  induced  stresses,  void  nucleation  becomes 
possible.  This  usually  occurs  at  a  distance 

approximately  equal  to  the  width  of  the  contact. 

4.  Once  cracks  are  created  (or  exist  before  sliding  due  to 


-25- 


Figure  2.2.1  Delamination  wear  process,  [reference  5] 


processing  methods)  further  loading  causes  the  cracks 
to  propagate,  generally  parallel  to  the  surface.  These 
cracks  eventually  join  surrounding  cracks.  Note  that 
the  cracks  may  not  extend  if  the  conditions  for 
propagation  are  not  satisfied,  i.e.  sufficient 
subsurface  deformation  and  small  tangential  traction. 

5.  The  cracks  eventually  propagate  to  the  surface  once 
they  become  unstable  and  form  a  delamination  wear 
particle.  Figure  2.2.2  illustrates  a  wear  sheet  formed 
in  an  iron  solid  solution. 

From  the  above  description  it  is  evident  that  the  major 
factor  affecting  the  delamination  wear  process  is  the  state 
of  stress  beneath  the  surface. 

Before  concluding  the  discussion  on  the  delamination 
process,  it  is  worth  noting  that  the  wear  rate  is  dependent 
on  sliding  distance.  Figure  2.2.3  shows  the  weight  loss  of 
O.F.H.C.  copper  as  a  function  of  sliding  distance.  There 
is  not  a  linear  dependence  between  the  worn  volume  and 
sliding  distance,  as  predicted  by  the  adhesion  theory  [7-9]. 
During  the  intitial  stages  of  wear,  the  rough  surface 
becomes  smooth  by  the  process  of  asperity  deformation.  The 
wear  rate  remains  at  a  plateau  until  the  subsurface  becomes 
sufficiently  deformed  to  form  the  delamination  wear  sheets. 
The  time  duration  of  this  no-wear- region  depends  on  the  rate 
of  crack  nucleation  and  crack  propagation.  These  in  turn 
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are  controlled  by  the  surface  traction  and  microstructure 
[5].  Note  that  the  wear  rate  would  initially  be  zero  if  the 
specimen  and  slider  surfaces  are  smooth,  as  is  the  case  for 
the  implanted  pins  and  disks  used  in  this  investigation. 
Thus  ion  implantation,  as  we  will  see  in  Chapters  3  and  4, 
appears  to  have  the  ability  to  alter  the  mechanical  and/or 
chemical  properties  of  the  surface  so  as  to  prolong  this 
wear  plateau. 

2 . 3  Theor ies  of  Fr iction 

The  predominant  friction  model  over  the  past  several 
decades  is  complementary  to  the  adhesive  wear  model. 
Accordingly,  the  force  required  to  shear  the  junction 
between  two  contacting  bodies  gives  rise  to  the  friction 
coefficient.  For  uncontaminated  metals  sliding  together, 
the  friction  coefficient  is  given  by: 


P 


Where: 

S=  bulk  shear  strength  of  the  softer  material 
P=  hardness  of  the  softer  material 

According  to  this  model  the  friction  coefficient  is 
predicted  to  be  1/6  for  most  combinations  of  materials.  In 
practice,  however,  the  friction  coefficient  varies  widely. 
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To  account  for  this  variation,  modifications  have  been  made 
to  this  basic  model.  For  example,  Rabinowicz  [4]  has  looked 
at  the  effect  of  mutual  solubility  and  surface  energy. 

Even  with  modifications,  the  friction  theory  ignores 
the  change  in  the  friction  coefficient  as  a  function  of 
sliding  distance.  Thus  Suh  et  al.  [10]  has  proposed  a 
model  similar  to  the  delamination  theory  to  predict  the 
friction  coefficient.  He  postulates  that  the  friction  force 
is  composed  of  three  components:  that  due  to  the 

deformation  of  asperities,  that  due  to  plowing,  and  that  due 
to  adhesion  between  contacting  materials.  Note  that  this 
theory  does  not  ignore  the  adhesion  theory,  as  evident  by 
the  dependence  on  adhesion,  but  it  does  change  the  emphasis. 

The  time  dependency  of  the  friction  coefficient  has 
been  divided  into  six  stages  as  follows  (see  Figure  2.3.1): 

Regime  1  The  friction  force  is  primarily  due  to  the  deformation 
and  fracture  of  asperities.  The  adhesion  component  is 
a  minor  part  of  the  friction  coefficient  and  hence, 
does  not  significantly  depend  on  the  material 
combination. 

Regime  2  The  friction  force  increases  slightly  due  to  the 
increasing  role  of  adhesion.  If  the  surface  is 
lubricated  well,  this  regime  may  be  eliminated.  The 
friction  force  will  increase  if  particles  become 
entrapped  between  the  sliding  surfaces. 
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Figure  2.3,1  Regimes  of  frictional  force  vs.  distance  slid 


Regime  3  All  three  components  of  ths^  friction  force  become 
important.  The  friction  coefficient  increases  rapidly 
due  to  the  increase  in  the  number  of  entrapped  wear 
particles.  If  the  sliding  surfaces  are  of  equal 
hardness  then  the  wear  particles  will  penetrate  each 
surface  equally,  resulting  in  a  high  plowing  component. 
The  wear  particles  formed  will  include  both 

delamination  particles  and  those  resulting  from 
asperity  deformation  and  fracture.  Tie  adhesion 

component  increases  due  to  an  increase  jn  clean 

interfacial  areas. 

Regime  4  The  friction  force  levels  off  at  this  stage.  This  is 
the  steady  state  friction  coefficient  for  like  metals 
and  for  combinations  where  stages  5  and  6  do  not  occur. 
In  this  regime  the  number  of  entrapped  particles 

remains  constant,  i.e.  the  number  of  newly  entrapped 
particles  equal  the  number  of  entrapped  particles 

leaving  the  interface.  Adhesion  and  asperity 

deformation  continue  to  play  an  important  role. 

Regime  5  In  the  case  where  a  very  hard  slider  is  slid  against  a 
soft  counter  face,  the  hard  surface  becomes  smooth  due 
to  asperity  removal.  The  friction  force  decreases 
since  the  loose  wear  particles  can  no  longer  embed 
themselves  into  the  hard  surface  and  plow  the  softer 
material . 


Regime  6  The  surface  finish  on  the  hard  surface  reaches  a 


minimum  roughness.  The  surface  of  the  softer  material 
then  becomes  smooth  although  not  as  smooth  as  the  hard 
surface  since  newly  forming  delamination  particles 


continuously  leave  the  surface  rough.  If  the  softer 
material  remains  stationary  and  the  harder  surface  is 
rotated,  regimes  4  and  5  do  not  exist. 

Suh  [10]  cites  some  experimental  evidence  cf  these  stages. 

Ion  implantation  may  be  used  to  prolong  stage  2  before 
the  onset  of  high  friction  and  wear  of  stage  3. 


3.  ION  IMPLANTATION 


Ion  implantation  is  a  process  by  which  ions  are 
accelerated  across  a  high  potential  to  strike  a  solid  target 
at  the  end  of  a  vacuum  tube.  At  low  ion  fluences,  the  ions 
are  distributed  in  a  more  or  less  Gaussian  distribution  to 
depths  usually  ranging  from  .02  ym  to  .4  ym.  At  higher 
fluences,  such  effects  as  sputtering  and  inward  migration  of 
atoms  may  alter  or  limit  the  depth  of  penetration. 
Virtually  any  element  can  be  implanted  into  any  substrate. 

Interest  in  ion  implantation  grew  rapidly  during  the 
1960 's  because  of  its  ability  to  modify  the  electrical 
properties  of  semiconductors.  Initially  there  were  doubts 
about  the  applicability  of  this  process  due  to  inadequate 
equipment  and  theory.  Through  advancements  made  in  the 
design  of  accelerators  and  refinements  made  in  implantation 
theory,  ion  implantation  eventually  replaced  conventional 
diffusion  processes.  It  has  the  advantage  of  superior 
controllability  and  reproducibility,  and  now  is  used  in  the 
production  of  pocket  calculators  and  integrated  circuits. 
Ion  implantation  into  metals  to  change  surface  properties 
has  only  recently  been  investigated. 

3 . 1  Range  Calculations 
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In  order  to  control  the  effects  of  ion  implantation, 
the  mechanisms  which  control  energy  loss  and  subsequently 
depth  distribution  must  be  understood.  The  theory  most 
widely  used  to  predict  the  range  estimates  is  that  described 
by  Lindhard,  Scharff,  and  Schiott  (LSS)  [11].  Numerous 
range-energy  tables  have  been  tabulated  for  a  variety  of 
ion-substrate  combinations  using  this  theory  [12-15]. 

Briefly,  the  major  energy  loss  processes  in  ion 
implantation  include  that  due  to  direct  collisions  between 
the  ion  and  a  screened  nucleus,  and  that  due  to  the 
excitation  of  electrons  bound  in  the  solid.  Thus  the  energy 
loss  equation  is 

dE  ^  dE  dE 

loss  nuclear  electronic 

in  the  energy  range  of  5-500  keV  the  major  contribution  to 
energy  loss  is  due  to  the  nuclear  interactions  [12]. 
However,  at  higher  energies  electronic  energies  play  a  more 
important  role  (Figure  3.1.1). 

The  ions  will  eventually  come  to  rest  in  a  more  or  less 
Gaussian  distribution  when  the  energies  are  on  the  order  of 
20  eV  [14].  The  total  distance  traveled  by  the  ion  is 
defined  as  the  total  range,  and  the  distance  traveled 
parallel  to  the  incident  beam  is  the  projected  range.  Since 
the  ion  is  scattered  at  various  angles  the  projected  range 
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Figure  3.1.1  The  behavior  of  the  nuclear  and  electronic 

contributions  to  the  specific  energy  loss  dE/dx 
as  a  function  of  ion  velocity  v.  [reference  16] 
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is  always  less  than  the  total  range.  Figure  3.1.2  shows  a 
typical  Gaussian  ditribution  defining  the  above  parameters. 

The  LSS  theory  provides  an  approximate  relationship 
between  the  total  and  projected  range. 


and 


^total 

R 
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1  + 


R 


(M^+  M2)M2 


total 


10 


Z^Z2 


M, 


where; 

Mi,M2=  atomic  masses  of  the  ion  and  atom  respectively 
^l'^2~  atomic  numbers  of  the  ion  and  atom  respectively 
E=  accelerating  voltage 
D=  target  density 

The  spread  in  the  range  is  described  by  the  range  straggling 

( AR  )  . 

P 

A  useful  estimate  of  the  average  concentration  is 
described  by: 


2.5AR 

P 


where  N  =  ion  dose  expressed  in  ions  per  unit  area. 


1 


Figure  3.1.2  Typical  Gaussian  distribution  for  low-energy 
ions  implanted  into  an  amorphous  material, 
[reference  17] 
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The  concentration  of  ions  as  a  function  of  depth  can  be 
expressed  by: 


<«x> 


D 


2.5AR 


exp 


-  V 

AR  ^ 


Various  experimental  techniques  used  to  measure  depth 
profiles  include  ion  backscattering,  auger  analysis,  ESCA, 
and  nuclear  reaction  analysis.  Literature  on  the  effects  of 
channeling,  sputtering  and  radiation  damage  is  available 
[12]  , 


3 . 2  Ion  Implantation  Equipment 

Figure  3.2.1  shows  the  layout  of  a  product  .on- type  ion 
implanter  used  commercially  in  the  semiconductor  industry. 
Recently  some  of  these  implanters  have  been  modified  to 
accommodate  metals. 

A  schematic  of  the  implantation  process  is  shown  in 
Figure  3.2.2.  A  gas  containing  the  desired  ions  (boron  in 
this  case)  is  injected  into  the  high  voltage  end  of  the 
system.  Electrons  produced  from  a  heated  filament  are 
accelerated  back  and  forth  between  the  two  end  plates  by  an 
anode  and  these  electrons  collide  with  the  gas  atoms, 
ionizing  them.  The  ions  are  then  extracted  using  a  negative 
potential  between  the  end  plate  and  an  extractor,  and  are 
accelerated  due  to  the  difference  in  potential  between  the 
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Figure  3.2.2  Schematic  of  the  implantation  process 
[reference  18] 


two  ends  of  the  column. 


The  boron  ions  are  sorted  by 


bending  the  beam  in  a  magnetic  field.  The  beam  is  then 
collimated  and  focused  on  the  target.  The  beam  is  either 
scanned  across  the  target  or  held  stationary  as  the  target 
is  moved  across  the  beam  [18].  The  concentration  versus 
depth  profile  is  controlled  by  varying  the  accelerating 
voltage  and  dose. 

Before  metal  parts  can  be  processed  on  a  commercial 
basis,  machines  need  to  be  designed  for  this  purpose. 
Presently,  at  Harwell,  there  is  a  commercial  prototype  that 
can  process  metal  components  up  to  8  feet  long.  However,  no 
such  implanters  are  made  on  a  commercial  basis.  Two  major 
advantages  in  the  design  of  metal  implanters  compared  with 
semiconductor  implanters  are  1)  the  flexibility  in  doping 
uniformity  and,  2)  the  beam  purity  requirments.  These  allow 
more  freedom  to  the  machine  designers.  Clearly,  more  worX 
in  machine  design  must  be  conducted  if  implanted  metals  are 
to  have  any  commercial  application. 

3 . 3  Benefits  and  Drawbacks 

Some  of  the  advantages  of  ion  implantation  include 
those  created  by  the  chemical  and  mechanical  properties  of 
the  surface  which  can  lead  to  changes  in  friction  and  wear, 
oxidation,  and  corrosion  properties.  Other  advantages  of 
implantation  are  as  follows: 
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1.  There  is  no  discernable  dimensional  change  during  ion 
implantation  thus  parts  can  be  implanted  following 
final  machining, 

2.  Poor  adhesion  common  with  coatings  is  not  a  problem 
since  the  resulting  implanted  layer  is  a  graded 
structure  that  lacks  an  interface  between  the  implanted 
material  and  the  host  material. 

3.  Problems  prevalent  in  conventional  alloying  such  as  the 

lack  of  mutual  solubility  between  elements  having 
extremely  different  melting  points,  ionic  sizes,  or 
electronegativities  are  eliminated.  Hence,  it  is 

possible  to  incorporate  elements  that  may  not  be  added 
in  conventional  alloying  processes. 

4.  Implantation  can  be  carried  out  at  low  temperatures. 

This  allows  parts  that  have  already  been  heat-treated 
to  be  implanted  without  altering  the  bulk 

microstructure. 

5.  Single  isotopes  can  be  implanted.  This  can  be 
beneficial  when  implanting  radioactive  material. 

6.  Ion  implantation  offers  better  quality  control  than 
conventional  diffusion  processes. 

7.  There  is  no  sacrifice  of  the  bulk  material. 

8.  The  depth  versus  concentration  distribution  is 
controllable.  Hence,  the  effect  oi  varying  alloy 
concentration  can  be  readily  examined. 
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Although  implantation  appears  to  be  an  attractive 
process,  it  does  have  some  limitations: 

1.  It  is  an  expensive  process,  at  present,  compared  with 

the  diffusion  process-  Using  present  equipment,  a  part 

can  cost  anywhere  between  $400  to  $2500  to  implant 

depending  on  the  dose,  ion  to  be  implanted,  substrate, 

and  beam  current.  If  concrete  evidence  is  revealed 

about  its  beneficial  effects  on  modifying  the 

mechanical  and  chemical  properties  of  metals,  then  it 

is  likely  that  the  cost  of  processing  will  decrease  as 

advances  are  made  in  machine  design.  Hirvonen  [19] 

2 

predicts  a  cost  of  $. 15/cm  for  an  assumed  operating 

17  2 

cost  of  $  35/hr  and  a  dose  of  10  ions/ cm  . 

2.  It  is  a  line-of-3 ight  process,  hence  any  sharp  contours 
or  intricate  shapes  may  not  be  able  to  be  implanted 
with  present  equipment. 

3.  The  depth  of  penetration  of  the  ions  is  shallow, 
usually  ranging  between  .02  pm  to  .4  pm.  Hence,  it 
appears  that  its  effects  on  friction  and  wear  may  be 
limited  to  light  loads  and/or  lubricated  conditions. 
The  depth  of  the  alloyed  region  can,  however  be 
increased  by  using  a  range  of  accelerating  voltages  as 
shown  in  Figure  3.3.1.  This  would  inevitably  increase 
the  cost  of  processing. 

4.  The  maximum  concentration  of  implantation  is  limited  to 
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appromimately  50%  due  to  sputtering  effects. 


Despite  these  drawbacks,  if  ion  implantation  is  shown  to 
compare  favorably  with  other  surface  treatments, 
technological  adv^ances  will  make  ion  implantation  a 
competitive  commercial  process. 

3 . 4  Literature  Survey 

Since  the  purpose  of  this  report  is  to  deal 
specifically  with  friction  and  wear  of  implanted  metals, 
work  conducted  on  the  effects  of  ion  implantation  on 
oxidation  and  corrosion,  [20-33]  and  fatigue  [39-47]  will 
not  be  discussed.  Readers  are  referred  to  the  numerous 
articles  written  on  the  subject.  A  brief  review  of  the 
friction  and  wear  literature  will  be  described  and  critical 
questions  concerning  the  work  will  be  raised.  For  a  more 
delailed  review  of  the  literature,  refer  to  the  numerous 
review  articles  [19,  54,40]  that  have  been  published  on 
the  subject. 

3.4.1  Friction 

Implantation  of  a  variety  of  metallic  and  non-metallic 
ions  into  numerous  metals  was  found  to  change  the  friction 
coefficient  in  most  cases.  A  summary  of  various 
investigations  is  found  in  Table  3.4.1. 
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Hartley  and  co-workers  C49-533  conducted  much  of  the 
earlier  work  in  friction  and  wear  of  implanted  metals.  They 
found  that  implantation  of  inert  yases,  i.e.  Ar^  and  Kr^, 
do  not  change  the  friction  coefficient.  Hence  implantation 
does  not  always  result  in  a  change  in  the  friction  force. 
One  of  the  first  clues  that  implantation  may  cause  a  change 
in  the  chemical  nature  of  the  surface  was  observed  when 
molybdenum  and  sulfur  ions  were  implanted  into  steel  to  a 
ratio  of  1:2.  The  friction  coefficient  was  substantially 
less  than  that  of  the  unimplanted  steel  and  that  of  steel 
with  either  molybdenum  or  sulfur  ions  implanted  alone. 
Hartley  speculates  that  this  result  is  due  to  the  formation 
of  M0S2 •  However,  a  detailed  investigation  to  confirm  this 
has  not  been  conducted.  Since  these  experiments,  research 
has  been  conducted  on  physics  of  implantation  and  on  the 
chemical  properties  of  the  implanted  surface  [46,56-62]. 
Little  of  this  work,  however,  has  been  carried  out  in 
conjunction  with  friction  and  wear  tests. 

Several  investigators  [50,32,56]  have  examined  the 
effect  of  dose  on  the  friction  coefficient.  They  found  that 
as  the  dose  is  increased,  the  relative  change  in  friction 
becomes  larger.  The  largest  change  in  friction  occurs  at 
approximately  10  ions/cm  for  most  ion-substrate 
combinations.  Due  to  this  dose  dependency,  the  friction 
coefficient  is  meaningless  unless  the  dose  is  specified. 
Because  of  this  phenomenon,  data  that  appear  to  disagree  may 
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not  be  in  conflict  at  all.  For  example.  Hartley  found  that 
Ar^  has  no  effect  on  the  friction  coefficient.  Conversely, 
Pavlov  [54]  observed  a  300%  change  in  the  friction 

coefficient  with  Ar^  implanted  to  fluences  of  9x10^^ 

2  17  2  + 

ions/cm  .  At  fluences  lower  than  9x10  ions/cm  ,  Ar  may 

indeed  have  no  effect  on  the  friction  coefficient.  The 

importance  of  specifying  the  parameters  under  which  the  data 

is  collected  should  not  be  underestimated.  Often 

investigators  neglect  to  give  an  adequate  description  of 

experimental  procedure. 

Hirvonen  [40]  has  reviewed  the  work  conducted  at  OMR. 
He  confirmed  some  of  the  earlier  observations  of  other 
investigators.  In  these  tests,  however,  a  ball-on-cylinder 
or  a  cylinder-on-cylinder  tribotester  was  used  instead  of  a 
pin-on-disk  type  tester. 

Suri,  Nammagadda,  and  Bunshah  [55]  conducted  friction 
and  wear  tests  with  and  implanted  into  various 

materials  under  unlubricated  and  lubricated  conditions. 
They  found  that  when  implanted  304SS  tests  were  lubricated, 
the  change  in  the  friction  coefficient  was  not  as 
substantial  as  in  the  unlubricated  tests.  This  indicates 
that  implantation  can  change  the  adhesion  component  of 
friction.  Under  lubricated  conditions,  metal  to  metal 
contact  is  minimized,  hence  adhesion  plays  a  minor  role. 
Under  unlubricated  conditions,  however,  the  adhesion 
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component  may  be  large.  In  contrast,  implanted  into 

aluminum  and  implanted  into  titanium  showed  a  more 

substantial  change  in  the  friction  force  under  lubricated 
conditions.  A  possible  explanation  is  that  under  dr^- 
sliding  conditions,  the  contact  load  is  substantially 
increased,  hence  the  thin  implanted  layer  may  be  worn  away 
after  a  short  sliding  distance.  Also,  the  adhesion 
component  may  be  increased. 

Hayashi  et  al.  [32]  examined  the  effect  of  varying  the 
accelerating  voltage  on  friction  with  345C  carbon  steel 
implanted  with  Ni^  and  Cr^ .  They  found  that  for  a  lower 
accelerating  voltage,  the  change  in  friction  of  the 
implanted  surface  becomes  larger,  and  explain  this 
phenomenon  by  citing  the  dependency  of  friction  on  ion 
concentration  of  the  implanted  layer. 

To  summarize  the  basic  points  on  the  friction  of 
implanted  metals; 

1.  Implantation  does  not  invariably  reduce  friction. 

2.  Frictional  properties  introduced  by  implantation  appear 
to  depend  on  the  nature  of  the  implanted  ion. 

3.  Frictional  change  for  many  implanted  surfaces  becomes 
more  pronounced  as  the  dose  is  increased. 

Some  of  the  mechanisms  suggesting  how  ion  implantation 
reduces  the  friction  coefficient  include; 
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Oxide  formation 

Chemical  change,  specifically  alloying  effects,  of  the 
surface 

Change  in  hardness  due  to  the  development  of  internal 
stress  fields  in  the  surface  layer. 

This  by  no  means  exhausts  the  subject  of  ion 
implantation  and  its  effects  on  friction,  but  it  does  give  a 
flavor  for  the  state  of  the  art.  It  is  apparent,  that 
despite  work  conducted  to  date,  the  mechanisms  of  friction 
for  implanted  metals  are  not  understood  well. 

3.4.2  Wear 

Various  investigators  have  shown  that  ion  implantation 
has  a  significant  effect  on  the  wear  properties  of  metals. 
The  most  common  types  of  tribotesters  used  for  wear  tests 
are  pin-on-disk  and  cylinder-on-cylinder  geometries.  In 
many  of  these  tests  an  unimplanted  pin  was  slid  against  an 
implanted  disk.  Hirvonen  et  al.  [63]  found  that  for  N'*' 
implanted  into  steel  disks,  the  wear  rate  was  the  same 
whether  implanted  or  umimplanted  pins  were  used.  They 
found,  however,  that  the  sliding  member  must  be  implanted 
for  reduced  wear  even  when  the  pin  is  implanted.  Table 
3.4.2  lists  the  results  of  various  wear  investigations. 


-52- 


Not  mentioned  in  literature 
wear  coefficient 


Suri  et  al.  [55]  found  that  the  reduction  in  the  wear 


parameter  is  considerably  larger  for  most  ion-substrate 
combinations  under  lubricated  conditions  than  for 
unlubricated  conditions.  This  may  be  attributed  to  the  much 
higher  wear  rates  (20x)  under  dry  sliding  conditions,  and 
consequently  the  implanted  layer  is  worn  away  after  shorter 
sliding  distances.  A  direct  comparison  between  lubricated 
and  unlubricated  tests  is  meaningless  since  the  mechanisms 
of  wear  are  much  different  in  each  case.  In  the  first  hours 
of  lubricated  testing  (mild  wear)  the  wear  particle 
formation  is  mainly  attributed  to  asperity  deformation  and 
removal,  whereas  in  dry  sliding  (severe  wear)  the  wear  is 
governed  by  the  delamination  process. 

Mumerous  investigators  found  that  the  increased  wear 
resistance  of  implanted  metals  persisted  beyond  the  depth  of 
the  implanted  layer  by  several  orders  of  magnitude.  Lo 
Russo  et  al.  [45],  for  example,  observed  a  continued 
reduction  in  the  wear  rate  of  implanted  into  38NCD4  steel 
even  after  the  removal  of  several  pm  of  material.  Using 
nuclear  reaction  analysis,  he  found  20%  of  the  implanted 
dose  remained  after  the  removal  of  5  pm  of  material.  This 
effect  has  been  attributed  to  the  inward  diffusion  of  the 
implanted  ion  due  to  an  increase  in  surface  temperature, 
although  the  temperature  rise  during  sliding  was  not 
calculated  or  measured.  For  the  sliding  velocities  used, 
the  flash  temperature  is  only  on  the  order  of  several 
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hundred  degrees  Faranheit  [2].  Hence  it  seems  unlikely  that 
the  ions  would  migrate  lOx-lOOx  the  depth  of  the  implanted 
layer  during  the  wear  test  even  under  unlubricated 
conditions.  A  possible  explanation  for  this  increased  wear 
resistance  at  depths  much  greater  than  the  implanted  layer 
is  presented  in  Chapter  6.  Briefly,  the  implanted  layer  may 
be  pushed  down  to  depths  greater  than  the  implanted  layer 
during  sliding,  instead  of  the  material  actually  being 
removed.  The  path  created  by  a  sled  being  moved  over  snow 
is  a  good  analogy. 

Again  as  with  the  friction  coefficient,  the  wear  rate 
has  a  dose  dependency.  Hence,  correlation  and 
interpretation  of  results  between  various  investigators  is 
difficult. 

3.4.3  Hardness 

On  numerous  occasions,  the  increase  in  the  wear 
resistance  and  change  in  the  friction  coefficient  has  been 
attributed  to  the  increase  in  hardness  of  the  implanted 
surface  layer.  Because  this  is  so  frequently  observed  a 
seperate  review  on  the  effect  of  ion  implantation  on 
hardness  and  in  turn  of  hardness  on  the  friction  and  wear 
properties  seems  appropriate.  Table  3.4.3  summarizes  some 
of  the  experimental  results  dealing  with  the  hardness  of  the 
implanted  layer. 
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Table  3.4.3  Effect  of  Ion  Implantation  on  Hardness 


The  results  obtained  using  penetration  techniques  give 
only  a  relative  increase  in  hardness  because  the  depth  of 
the  implanted  layer  is  usually  less  then  .1  pm.  Penetration 
techniques  sample  too  deeply  into  the  surface.  To  obtain 
accurate  results  with  this  method,  the  layer  should  be  at 
least  ten  times  the  depth  of  penetration.  Many 
investigators  feel,  however,  that  under  light  loads,  the 
results  give  a  measure  of  relative  hardness. 

Bolster  and  Singer  [68]  have  used  an  abrasive  wear 
technique  similar  to  that  developed  by  Rabinowicz  [69]  to 
determine  the  relative  hardness  of  implanted  layers  as  thin 
as  25  nm.  They  found  a  substantial  increase  in  hardness  for 
N'*’  implanted  steels,  which  was  accompanied  by  an  increase  in 
the  wear  resistance  by  a  factor  of  100.  In  this  case  the 
hardness  decreased  to  the  bulk  value  at  a  depth  equal  to  the 
initial  implantation  depth.  Conversely,  implanted  into 
304SS  wore  faster  than  the  unimplanted  surface.  They 
attribute  this  to  possible  interference  with  transformation 
hardening.  The  observed  higher  wear  rate  persisted  for 
depths  greater  than  the  implantation  depth. 

The  increase  in  hardness  of  the  near  surface  region 
formed  during  implantation  is  not  questioned  here.  However, 
the  information  available  in  the  present  literature  does  not 
explain  the  mechanism  by  which  hardness  is  increased  or  how 
the  increase  in  hardness,  of  such  a  thin  layer,  affects  the 
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friction  coefficient  and  wear  rate.  A  change  in  the 
chemical  nature  of  the  surface  has  been  widely  observed. 
Using  Auger  analysis,  ESCA,  nuclear  reaction  analysis,  TEM, 
and  the  ''  ike,  various  hard  compounds  have  been  observed  in 
the  implanted  layer.  Hence  some  investigators  propose  that 
the  increase  in  hardness  is  attributable  to  the  formation  of 
various  hard  phases.  Others  propose  that  the  hardness  is 
increased  when  the  implanted  ions  occupy  substitutional  and 
interstial  sites  in  the  host  lattice.  Thus  substitutional 
and  interstitial  hardening  is  the  prevalent  hardening 
mechanism.  Last,  there  are  still  those  who  believe  that 
radiation  damage  increases  the  hardness  by  displacing  atoms 
creating  vacancies  and  thus  multiplying  dislocations.  Th? 
latter  theory  is  subject  to  question  since  some  imp  .anted 
ions  have  no  meas..rable  effect  on  hardness,  friction,  or 
wear . 


Although  the  above  theories  may  explain  the  mechanisms 
of  hardening,  they  lack  a  model  and/or  evidence  that 
explains  how  the  increase  in  hardness  of  the  implanted  layer 
can  reduce  the  friction  force  and  wear  rate.  This 
imformation  is  critical  since  the  increase  in  hardness  of 
metals  can  promote  crack  nucleation  and  thus  wear. 

3.4.4  Concluding  Remarks 
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Ion  implantation  has  been  shown  with  numerous 
ion-substrate  combinations  to  improve  the  wear  properties, 
to  change  the  friction  coefficient,  and  to  increase  the 
hardness  of  the  near  surface  region  of  the  metal.  Although 
the  chemical  and  mechanical  properties  of  the  implanted 
surface  have  been  investigated,  mechanisms  describing  the 
effect  of  ion  implantation  on  friction  and  wear  of  metals 
have  not  been  formulated. 
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4.  FRICTION  AND  WEAR 
OF  ION-IMPLANTED  METALS 

4 . 1  Experimental  Procedure 

4.1.1  Sample  Preparation 

Pin-on-disk  friction  and  wear  tests  were  conducted 
using  3.8  cm  to  4.5  cm  diameter  wear  disks,  and  .635  cm 
heraispherically  tipped  pins  made  from  99.9999%  pure  iron, 
O.F.H.C.  copper,  and  commercially  pure  titanium.  Both 
sides  of  each  disk  were  mechanically  polished  through  600 
grit  abrasive  paper  and  subsequently  polished  with  1.0  Mm 
and  .3  ym  alumina  powder.  The  ends  of  the  pins  were  also 
polished  with  1.0  ym  and  .3  ym  alumina.  Both  pins  and  disks 
were  freon  vapor  degreased,  rinsed  in  isopropyl  alcohol, 
dried,  annealed  in  a  vacuum  furnace  at  1073  K  for  1  hour, 
and  stored  in  a  vacuum  desiccator  prior  to  implantation. 

The  wear  tracks  of  the  implanted  and  unimplanted  disks 
were  sec'-ioned  and  observed  for  subsurface  deformation. 
Specimens  were  nickel  plated,  and  a  pie  shape  section  was 
cut  from  the  worn  disk.  This  section  was  then  mounted  in 
bakelite,  giving  a  tapered  section  [70]  intersecting  the 
wear  track  at  approximately  60  degrees  (see  Appendix  A). 
This  mounting  configuration  aids  in  the  prevention  of 
surface  and  subsurface  damage  which  may  occur  during  sample 
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preparation.  Comments  by  Torrance  [71]  regarding  earlier 
metallographic  procedures  used  by  Jahanmir  [5]  in  preparing 
micrographs  to  support  the  delamination  theory  were 
considered  when  developing  this  approach.  The  specimens 
were  then  polished  using  the  same  procedure  described  for 
the  friction  and  wear  specimens.  They  were  subsequently 
freon  vapor  degreased,  rinsed  in  isopropyl  alcohol,  dried, 
etched,  and  then  stored  in  isopropyl  alcohol  prior  to 
observation  under  the  SEM.  A  more  detailed  description  of 
sample  preparation  and  material  can  be  found  in  Appendix  A. 

4.1.2  Ion  Implantation 

Prior  to  implantation,  the  samples  were  degreased  and 

cleaned  with  isopropyl  alcohol.  Implantation  of  the  disks 

and  pins  were  done  either  in  a  Model  200-CF5  Varian/Extrion 

implanter  or  a  modified  Model  200-20A2F  Varian/Extrion 

implanter.  The  disks  and  pins  were  clamped  against  a  freon 

or  water  cooled  heat  sink  that  kept  the  samples  below  373  K. 

1 7 

Both  the  pins  and  disks  were  implanted  to  a  fluence  of  10 

ions/cra^  in  a  target  chamber  which  was  held  at  about  5x10  ^ 

torr.  The  ion  beam  was  scanned  over  the  specimen  surface  to 

2 

give  a  uniform  current  density  between  4.3  PA/cm  to  6.2 
2 

pA/cra  . 
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The  ion-substrate  testing  combinations  are  as  follows; 

+  .  .  .  .  -  + 

N  into  iron,  titanium,  and  copper;  Zn  into  copper;  and 

Al^  into  iron.  Although  precautions  were  taken  to  prevent 

oxidation  of  the  samples  prior  to  and  following 

implantation,  it  is  inevitable  that  some  oxidation  took 

place  at  these  times.  It  has  not  been  clarified  if  the  ions 

were  implanted  into  an  oxide  layer  or  if  the  oxide  layer  was 

sputtered  off  during  implantation. 

4.1.3  Friction  and  Wear  Measurments 

The  implanted  and  unimplanted  specimens  were  tested 
using  the  pin-on-disk  set-up  shown  in  Figures  4.1.1  and 
4.1.2.  The  specimen  (disk)  was  rotated  and  the  slider  (pin) 
was  held  stationary  in  a  holder  attached  to  a  strain  ring. 
The  tangential  force  was  continuously  measured  by  the  strain 
gages  and  recorder.  The  recorder  was  calibrated  and 
balanced  prior  to  all  tests. 

All  tests  were  conducted  at  approximately  293  K  in  an 
controlled  humidity  environment.  Samples  were  lubricated 
with  mineral  oil,  and  tested  for  a  duration  of  5  hours  at  a 
sliding  velocity  ranging  from  .5  m/min  to  2  m/min  (40 
rev/min)  with  a  normal  load  of  400  g  unless  specified 
otherwise.  Although  the  sliding  velocity  varied  slightly, 
Baumvol  et  al.  [33]  found  the  wear  rate  and  friction 
coefficient  to  be  independent  of  both  sliding  velocity 


(between  40-60  cm/sec)  and  the  track  diameter  (between 
.76-2.24  cm).  Every  test  combination  was  conducted  a 
minimum  of  three  times  and  the  treatment  of  the  pin  surface 
was  the  same  as  the  disk  surface  for  all  cases. 

At  the  end  of  the  tests,  the  lubricant  and  any  loose 
particles  were  rinsed  off  in  isopropyl  alcohol.  The  track 
was  not  scrubbed  with  tissues  in  order  to  avoid  damaging  the 
worn  surface.  The  pins  and  disks  were  vapor  degreased  and 
wear  volume  was  determined.  Because  of  very  low  wear  rates, 
specimen  weight  loss  could  not  be  used  as  a  measure  of  wear 


volume . 

Therefore,  wear  volume  was  estimated 

from 

a 

Talysurf 

prof ilometer 

trucc  taken 

perpendicular 

to 

the 

sliding 

direction  for 

each  test. 

Appendix  B 

gives 

a 

detailed  description  of  this  method  of  wear  measurement. 
Wear  scars  on  both  the  pins  and  disks  were  examined  using 
optical  and  scanning  electron  microscopy. 

4 . 2  Experimental  Results 

The  friction  coefficient  of  the  iron,  copper,  and 
titanium  system  versus  sliding  distance  are  shown  in  Figures 
4.2.1,  4.2.2,  and  4.2.3,  respectively.  In  the  case  of 
implanted  iron,  the  friction  coefficient,  is  almost 

half  that  of  the  unimplanted  surface.  Similarly,  the  Al^ 


implanted  iron  reduces  the  friction  coefficient  from  .128  to 
.035.  After  a  sliding  distance  of  approximately  200  m  the 


FE  UNIMPLANTED 


Change  in  friction  coefficient  with  sliding  distance  of  unimplanted 
iron,  Al"*"  implanted  iron,  and  N"*"  implanted  iron  systems,  (lubricated 
tests  in  air;  load=400g) 


•CU  UNIMPLANTED 
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friction  coefficient  of  the  implanted  surface  decreased, 
while  that  of  the  unimplanted  surface  increased.  In  the 
titanium  system,  the  implanted  surface  again  had  a 

substantially  lower  friction  coefficient,  ( 

the  unimplanted  surface  (n,^^^=.47).  The  reduction  in  this 
case  is  more  substantial  than  in  the  A.1^  implanted  iron 
system. 

Unlike  the  iron  and  titanium  systems,  nitrogen 

implanted  into  copper  had  little  effect  on  the  friction 

coefficient.  An  initial  friction  coefficient  of  .09 

increased  to  that  of  the  u.  implanted  material  after  a 

sliding  distance  of  roughly  100  m.  The  effect  of  the  Zn'*’ 

implantation  into  the  copper  was  negligible  and  and 

L„  ^  ranged  from  .06  to  .2. 

'  Zn,Cu  ^ 

4.2.1  Wear 

Selected  surface  profiles  of  the  unimplanted  and 
implanted  specimens  are  shown  in  Figures  4.2.4,  4.2.5,  and 
4.2.6.  In  the  case  of  iron  implanted  with  and  Al^,  the 
wear  of  the  disk  was  not  measurable.  However,  on  the  Al^ 
implanted  disk  wide  shallow  plowing  grooves  were  observed 
(Figure  4.2.7).  Similcurly,  the  implanted  iron 

occasionally  exhibited  deep  plowing  marks  (Figure  4.2.8), 
although  "smearing"  of  material  on  the  surface  was  more 
common  (Figure  4.2.9).  The  color  of  this  severely 
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Fi'iuro  4.2.5  Typical  profile  of  a  worn  unimplanted  titanium 

disk  surface,  (lubricated  test  in  air;  load=400g; 
2,400  rev.) 
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Figure  4.2.6  Typical  profiles  of  worn  disk  surfaces  of  a) 
unimplanted  Cu,  b)  Zn'''  implanted  Cu ,  and  c', 
N'*'  implanted  Cu.  {lubricated  tests  in  air; 
load=400q;  12,000  rev.) 


Firiurc  4.2.7  Tyy^icnl  wear  track  of  Al  implanted  iron  disk 
shallow  yUowinq  cirooves.  {lubricated  tests  in 
air;  load=400q;  12,000  rev.) 
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plastically  deformed  layer  was  lighter  than  the  undisturbed 
surface,  indicating  a  change  in  the  chemical  nature  of  the 
layer.  The  Al^  implanted  iron  pin  surface  wore  at  the  same 
rate  as  the  unimplanted  pin.  Only  the  implanted  iron  pin 
showed  a  significant  decrease  in  the  wear  rate.  Note  that 
the  pin  was  more  severely  deformed  than  the  disk  since  the 
pin  is  continuously  loaded  whereas  the  disk  undergoes  cyclic 
loading. 

In  contrast  to  the  implanted  iron  specimens,  the 

-17  3 

unimplanted  disk  wore  at  a  rate  of  7.92x10  m  /s, 
(k=l.  04x10  .  Even  after  one  revolution  of  sliding  the 

pin  began  to  wear  and  numerous  plowing  grooves  were  formed 
on  the  disk  surface  (Figures  4.2.10  and  4.2.11) 

Titanium  implanted  with  nitrogen  showed  the  greatest 
improvement  in  wear  resistance.  Plowing  was  undetectable  on 
the  surface  of  the  disk  using  a  prof ilometer .  However,  when 
foreign  particles  or  embedded  wear  particles  were  present, 
occasional  plowing  grooves  were  visible  with  the  aid  of  the 
SEM  (Figure  4.2.12).  The  pins  did  exhibit  small  wear  scars, 
but,  the  scarred  area  on  these  pins  was  almost  15  times 

smaller  than  that  observed  on  any  other  system.  Also  the 
scarred  surface  of  the  pin  was  v/orn  smooth  with  the 

t  The  wear  coefficient  reported  is  normalized  with 
respect  to  hardness.  That  is,  the  bulk  hardness  is 

used  in  the  calculation  of  k.  The  actual  hardness  of 

such  a  thin  layer  is  difficult  to  measure  accurately. 
Only  relative  hardness  values  can  be  obtained. 
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Figure  4,2.10  Typical  wear  scar  on  an  unimplanted  iron  pin 
after  1  revolution  of  sliding  (3  cm),  (lubr. 
test  in  air;  load=400g) 


3*) 

t 
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STRAY  WEAR  GROOVI 


Typical  wear  track  of  N  implanted  titaniu 
disk.  (lubricated  test  in  air;  load-  400i:: 
12,nn0  rev.  of  slidiiKi) 


a  au  re 


1 


exception  of  the  surface  around  the  perimeter  of  the  scarred 
area.  In  contrast,  the  unimplanted  titanium  wore  at  a  rate 
of  2.8xl0~^^  m^/s  (k=2.2xl0  ^).  Figure  4.2.13  shows  a 
typical  wear  track  after  12,000  revolutions  of  sliding. 

Like  the  friction  coefficient,  the  wear  rate  of  Zn 

implanted  copper  was  not  significantly  reduced.  The 

implanted  disk  wore  at  a  rate  of  1.64x10  m^/s, 

-9 

(k=8xl0  ),  whereas  the  unimplanted  disk  wore  at  a  rate  of 

8.62x10“^^  n? /s  (k=4xl0~^),  (Figure  4.2.14).  The 
implanted  copper  showed  reduced  wear  during  the  first  200  m 
of  sliding.  However,  at  greater  sliding  distances,  the  wear 
rate  approached  that  of  the  unimplanted  copper  (Figure 
4.2.15).  Other  micrographs  of  the  worn  pins  and  disks  of 
various  implanted  and  unimplanted  surfaces  are  shown  in 
Appendix  E. 

4.2.2  Subsurface  Deformation 

There  was  severe  plastic  deformation  below  the  wear 
track  of  both  implanted  and  unimplanted  copper  specimens. 
Figure  4.2.16  shows  the  subsurface  for  a  typical  wear  groove 
on  the  implanted  copper  specimen.  Similar  grooves  were 

observed  for  the  Zn^  implanted  and  unimplanted  copper  wear 
tracks.  Grain  size  is  slightly  smaller  in  the  deformed 
region.  In  addition,  the  grains  along  the  worn  grooves  are 


elongated  and  aligned  in  the  direction  of  sliding,  while 


Fiquro  4.2.13  Tyj^ical  wear  track  on  an  unimplanted  titanium 
disk.  (lubricated  test  in  air;  load=400a; 
2,400  rev.  of  slidinq) 


Figure  4.2.14  Typical  wear  track  of  an  unimplanted  copper 
disk.  (lubricated  test  in  air;  load=400a; 


12,000  rev.  of  slidinq) 


Typical  wear  tracV;  ot  a  iry'ianteci  copper 

disk.  (lubricated  test  in  air:  ]oad^40i'a: 
1.2,000  rev.  of  slitlino) 
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grain  boundaries  in  wear  grooves  are  undetectable  due  to  the 
severity  of  the  deformation.  The  grain  boundaries  are  only 
disturbed  very  close  to  the  visible  wear  scar.  At  only  1  pm 
below  the  surface  the  grains  meet  at  approximately  a  120° 
angle  as  do  annealed,  unr. tressed  metals. 

The  unimplanted  iron  and  titanium  specimens  showed 
subsurface  deformation  similar  to  that  of  the  copper  samples 
except  that  the  grains  did  not  align  themselves  along  the 
wear  grooves.  Figure  4.2.17  shows  typical  wear  grooves  for 
unimplanted  iron.  Although  the  grains  are  not  elongated, 

the  grain  shape  is  changed  slightly  near  the  edge  of  the 

0 

wear  track.  In  this  region  there  is  a  variation  in  the  120 
angle  between  adjoining  grains.  Also,  there  is  a 
significant  change  in  the  size  of  the  grains  close  to  the 
surface.  Slightly  below  the  surface,  and  often  above  the 
depth  of  the  wear  groove,  the  size  of  the  grains  returns  to 
the  grain  size  in  the  undisturbed  material. 

The  subsurface  of  an  unimplanted  titanium  specimen 
after  only  2,400  passes  is  shown  in  Figure  4.2.18.  The  wear 
grooves  are  deepest  and  most  severe  in  this  sample  and 
accordingly  subsurface  deformation  was  severe.  In  contrast, 
there  was  no  measurable  distortion  in  the  grains  of  the 
implanted  titanium  and  iron  specimens,  nor  in  Al^  implanted 
iron  specimens.  However,  this  does  not  eliminate  the 
possibility  that  mild  subsurface  deformation  occurred.  Mild 


deformation  may  not  have  been  severe  enough  to  cause  a 
noticable  change  in  either  the  size  of  the  grains  or  in  the 
grain  boundary  angles.  For  example.  Figure  4.2.19  shows  a 
wear  groove  on  an  A1  implanted  specimen.  The  grain  is  so 
large  that  only  severe  deformation  would  be  measurable. 

4.2.3  Qiemical  Analysis  of  the  Al^  Implanted  Iron  Surface 

A  chemical  analysis  of  the  Al^  implc'nted  iron  disk  was 
performed  using  Secondary  Ion  Mass  Spectroscopy  (SIMS)  and 
Ion  Scattering  Spectroscopy  (ISS).  The  unimplanted  disk 
surface  had  a  corrected  Fe/Al  ratio  of  33.86,  using  ISS, 
while  the  Al^  implanted  iron  disk  surface  had  a  ratio  of 
2.88.  In  the  wear  groove  of  the  Al^  implanted  iron  disk, 
after  12,000  revolutions  of  sliding  and  under  a  load  of  400g 
in  lubricated  conditons,  the  Pe/Al  ratio  was  6.47.  Note 
that  this  ratio  only  gives  the  relative  concentration  of 
aluminum.  Their  absolute  values  are  meaningless  unless 
compared  with  the  unimplanted  sample.  Similarly  using  SIMS, 
the  Fe/Al  ratios  were  1.52,  .866,  and  1.21  for  the 

L 

unimplanted  iron,  the  A.'.  implanted  iron,  and  the  wear 
groove  on  the  Al^  implanted  iron  disk,  respectively. 

Aluminum  was  present  on  the  unimplanted  surface  because 
the  samples  were  polished  with  Al^O^.  These  results  still 
show,  however,  that  in  the  wear  groove,  which  is  at  a  depth 
several  orders  of  magnitude  greater  than  the  depth  of  the 
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Figure  4.2.19  Subsurficc  ric  f ' -rni  i  ti  i-'n  ‘■>1  n  t.yrical  wr-rn  Al  irrnlanted  iron 
u  I ’cc  i”;’ 'u  .  M  ulii' i  ('.T*' cc!  'cut:  in  air;  ]('ad“400a;  12,000  rev.) 


implanted  layer,  over  1/3  of  the  aluminum  implanted  ion 
still  remained. 
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5.  HYPOTHESIZED  MECHANISMS  OF  FRICTION  AND  WEAR  OF  METALS 


5.1  FRICTION 

For  a  variety  of  ion-substrate  combinations  various 

17 

investigators  observed  that  implantation  to  fluences  of  10 
/  2 

lons/cm  changes  the  chemical  properties  and  hardness  of  the 
material  in  the  near  surface  region  (refer  to  chapter  3). 
The  formation  of  a  hard  thin  layer  appears  to  be  related  to 
surface  alloying.  The  existence  of  alloys  in  implanted 
layers  has  been  reported  by  Poate  [58].  He  observed  the 
formation  of  metastable  solid  solution  and  amorphous  alloys 
in  iron,  nickel,  and  copper  of  high  ion  concentration. 

Since  specific  alloyed  surfaces  show  a  substantial 
increase  in  hardness  over  the  bulk  material,  it  is  important 
to  understand  how  the  change  of  these  chemical  and 
mechanical  properties  affect  the  tribological  behavior  of 
the  surface.  It  is  hypothesized  that  the  formation  of  an 
alloyed  surface,  which  produces  a  substantial  change  in  the 
hardness,  minimizes  the  friction  coefficient.  This  in  turn 
decreases  surface  and  subsurface  plastic  deformation  and 
thus  inhibits  the  delamination  wear  process  (i.e.  crack 
nucleation  caused  by  large  subsurface  plastic  deformation, 
crack  propagation,  and  eventual  wear  particle  formation 
[6])  . 
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The  friction  force  is  caused  by  three  mechanisms; 
plowing  of  the  surface,  adhesion  at  the  asperity  contacts, 
and  deformation  of  the  surface  asperities  [10].  The  initial 
dynamic  friction  for  an  initially  smooth  surface,  described 
as  stage  2  in  the  genesis  of  friction  of  Chapter  2,  is 
primarily  a  result  of  plowing  on  either  the  pin  or  disk 
surface,  except  where  the  surface  is  free  of  contaminants. 
In  this  case  adhesion  becomes  important.  Experiments  show 
that  the  plowing  of  the  specimen  surface  results  when 
"embedded  wear  particles",  on  the  surface  of  the  pin,  dig 
into  the  specimen  surface.  The  friction  force  attains  a 
finite  value  as  soon  as  there  is  any  plastic  deformation  on 
either  the  pin  or  the  disk,  which  occurs  as  soon  as  sliding 
begins . 

The  "embedded  wear  particles"  that  cause  plowing,  form 
as  predicted  by  the  delamination  theory  of  wear  and  as 
modeled  in  Figure  5.1.1.  Assuming  a  perfectly  smooth 
surface,  surface  and  subsurface  deformation  will  occur  as 
soon  as  the  counterface  slides  over  the  surface.  When  the 
subsurface  is  sufficiently  deformed  cracks  will  nucleate 
below  the  surface  and  will  eventually  extend  and  propagate 
if  the  condition  for  propagation  is  satisfied.  When  these 
cracked  surface  layers  finally  shear  to  the  surface,  they 
will  deform  the  surrounding  material  and  will  pile  up 
against  an  obstacle  which  may  be  a  surface  layer  about  to 
delaminate.  The  resulting  wear  sheet  is  the  "embedded  wear 
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particle".  Figure  5.1.2  illustrates  the  formation  and 
piling  of  several  wear  sheets  on  the  surface  of  an  A1 
implanted  slider  after  a  sliding  distance  of  several 
centimeters.  These  attached  wear  particles  will  serve  as 
plowing  tools.  Note  that  the  wear  particle  formed  may  break 
off  from  the  bulk  material  and  either  become  embedded 
elsewhere  in  the  slider  or  specimen,  or  remain  loose  and  act 
as  an  abrasive  wear  particle.  In  either  case,  it  may 

continue  to  plow  the  surface. 

If  the  specimen  surface  is  hard  enough  to  resist  the 
forces  exerted  by  the  wear  particle  without  undergoing  large 
plastic  deformation,  penetration  and  thus  plowing  of  the 
sliding  surface  by  this  wear  particle  will  be  minimized. 
Also  if  a  smooth,  hard,  and  thick  layer  can  be  created  on 
the  pin  surface,  it  may  not  be  plowed  and  hence  the  wear 
particles  which  plow  the  specimen  surface  may  not  exist. 
The  delamination  process  by  which  the  plowing  tools  are 
created  will  be  slowed  down,  if  the  deformation  of  the  pin 
surface  can  be  reduced  by  a  hard  layer.  If  the  plowing  is 
reduced  on  either  surface,  the  friction  coefficient  will  be 
correspondingly  reduced.  This  process  is  self  perpetuating. 

In  the  case  of  a  "perfectly  smooth"  hardened  pin 
surface,  the  specimen  surface  will  not  be  plowed  even  if  it 
is  "softer"  than  the  pin,  if  the  surface  remains  perfectly 
smooth  and  if  no  plowing  tools  are  created  on  the  pin 
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Figure  5.1.2  Wear  particle  formation  on  the  surface  of  an 
Al"^  implanted  iron  pin  after  5  cm  of  sliding 
on  a  lubricated  Al"*"  implanted  disk,  (load  =  400q) 
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surface.  When  the  surface  is  smooth,  the  stress  is 
distributed  over  a  larger  contact  area,  whereas  if  tne  pin 
is  rough  the  stress  is  distributed  over  a  smaller  contact 
area  (a  few  high  points) .  Hence  the  stresses  are  greater  at 
these  high  points  than  in  the  former  case.  Conversely,  if 
the  hard  layer  is  not  smooth,  the  ridges  on  the  surface  will 
act  as  plowing  tools  and  severe  plowing  of  the  specimen 
surface  and  thus  high  friction  will  result.  Mote  that  with 
an  unhardened  surface,  the  initial  roughness  will  be  of 
little  importance  in  affecting  friction  and  wear  since 
particles  which  plow  the  surface  will  be  readily  formed 
after  a  short  sliding  distance.  The  initial  friction 
coefficient  may  be  slightly  higher  for  the  first  few  passes, 
since  asperity  deformation  will  be  more  predominant  for  a 
rough  surface  than  a  smooth  one.  This  effect,  however,  will 
only  be  important  for  short  sliding  distances. 

To  recapitulate,  if  ion  implantation  creates  a  surface 
alloy  which  is  harder  than  the  bulk  material,  plowing  may  be 
reduced  which  leads  to  a  reduction  in  the  friction 
coefficient.  We  will  see  in  the  next  section  that  the 
decrease  in  the  friction  coefficient  is  the  governing  factor 
in  reducing  wear. 

Three  different  properties  of  the  pin  riding  on  a 
smooth  specimen  are  considered. 

A  hard  rough  pin 
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A  hard,  smooth  pin 

A  soft,  smooth  or  rough  pin 

In  the  first  case,  the  plowing  "tools"  which  cause  plowing 
will  be  present,  hence  plowing  may  be  severe  on  the  specimen 
surface  if  it  cannot  resist  the  penetrating  forces.  With  a 
smooth  hard  pin,  however,  plowing  will  be  minimized  on  both 
surfaces,  hence  a  low  friction  coefficient  will  result.  In 
the  latter  case,  even  a  smooth  pin  can  cause  plowing  due  to 
embedded  wear  particles  which  are  formed  by  a  pile-up 
process  of  delamination  wear  particles.  Consequently  the 
friction  coefficent  is  high. 

5.2  Wea^  Subsurface  Deformation 

We  saw  in  the  previous  section  that  the  friction 
coefficient  can  be  lowered  in  the  presence  of  a  hardened 
layer.  It  is  important  to  note  that  plowing  and  friction 
are  related  phenomena.  Friction  is  always  present  when 
plowing  occurs.  However,  plowing  does  not  have  to  occur 
when  there  is  friction,  although  in  most  situations  it  does. 
Also,  a  reduction  in  the  friction  coefficient  does  not 
necessarily  imply  a  decrease  in  plowing  and  vice  versa. 
However,  we  will  see  that  a  decrease  in  the  friction 
coefficient  does  necessarily  imply  a  reduction  in  wear. 


As  Stated  in  Chapter  3,  subsurface  deformation  is 

necessary  for  the  delamination  process  to  occur.  Hence,  the 

state  of  stress  in  and  below  the  implanted  layer  must  be 

investigated  to  see  how  ion  implantation  affects  wear.  An 

approximate  solution  for  an  isotropic  linear  elastic 

semi-infinite  solid  was  modeled  using  the  finite  element 

method  (PEM).  This  method  of  solution  for  the  plane  strain 

case,  is  described  in  Appendix  C.  Values  of  o  ,  o  ,  t  , 

XX  yy  xy 

and  T  are  determined  for  steady  state  sliding  of  an 
max 

isotropic  linear  elastic  serai-infinite  solid  against  a  rigid 
stationary  plane  as  sketched  in  Figure  5.2.1.  The  maximum 
applied  normal  and  tangential  stresses  at  the  contact  are 
designated  as  p^  and  ,  respectively.  The  ratio  of  the 
tangential  stress  to  the  normal  stress  is  defined  as  the 
friction  coefficient,  and  half  the  contact  leixgth  is  defined 
by  a  length  a.  In  order  to  describe  the  state  of  stress,  p^ 
and  must  be  specified.  and  E2  are  Young's  modulus  for 

the  thin  layer  of  thickness  d,  and  for  the  bulk  material, 
respectively . 

For  the  following  analysis  Ej^/E2  is  approximately  2.5, 
and  d  is  the  thickness  of  the  implanted  layer  (3o).  The 
contact  length  is  assumed  to  be  20  ym.  Using  the  FEM  the 
following  parameters  will  be  investigated; 

1.  The  effect  of  thickness  of  a  hard  layer  on  subsurface 
deformation . 
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Model  of  a  contact  between  a  stationary  rigid 
asperity  and  a  sliding  isotropic  linear  elastic 
semi-infinite  solid,  (reference  5) 


2. 


The  effect  of  the  friction  coefficient  on  subsurface 


deformation. 

3.  The  effect  of  lowering  on  subsurface  deformation 

Before  considering  each  of  the  above  parameters,  a 
condition  for  yielding  must  be  defined  in  order  to  interpret 
the  results.  Using  Tresca's  yield  criterion,  yielding  is 
predicted  to  occur  when: 

a  =  0,-  a  =  — -  =  2k  ea. (5.2.1) 

y  i.  z  2 


where : 

k  =  shear  stress  at  yielding 
a  =  yield  stress  of  the  bulk  material 
H  =  hardness  of  the  bulk  material 

pi^incipal  stresses,  where  Oj^>  O2 

When  equation  5.2.1  is  satisfied  the  condition  for  yielding 
is  satisfied.  Since  the  plastic  deformation  will  alter  the 
stress  field  obtained  for  an  elastic  solid,  the  solution  is 
only  approximate.  However,  it  may  provide  a  useful  insight 
to  the  region  of  elasto-plastic  transition. 

1.  The  effect  of  a  hard  thin  layer  on  subsurface 
deformation; 

Figures  5. 2. 2-5. 2. 5,  respectively,  show  the  steady 

state  0  ,0  ,  r  »  and  j  components  for  a  .2  )im 

XX  yy  xy  max 
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contact  length,  a=20y: 


thick  hard  layer.  The  stresses  have  been  normalized 


with  respect  to  the  maximum  applied  normal  stress,  p^, 
where 


IT 


E^/E2  is  approximately  2.5  and  the  friction  coefficient 

is  0.1.  Figures  5. 2. 6-5. 2. 9  show  the  same  steady  state 

0  ,  a  ,  T  ,  and  t  components  with  the  same 

XX  yy  xy  max 

parameters  except  now  for  a  hard  layer  depth  of  1  ym,  a 
depth  5  times  larger  than  in  the  previous  set  of 
figures.  Comparing  these  two  sets  of  figures,  the  hard 
layer  does  not  decrease  the  area  at  which  the  yield 
criterion  is  satisfied  (k>.265)  nor  are  the  Oyy, 

and  components  significantly  different.  Even  if  no 

hardened  layer  is  present  i.e.  Ej^/E2=1»  the  components 
of  stress  do  not  vary  significantly  (Figures  5.2.10, 
5.2.11).  Thus  it  appears  that  for  a  constant  set  of 
parameters,  in  particular  a  constant  friction 
coefficient,  the  presence  of  a  thin  hard  layer  will  not 
alter  the  wear  rate  since  the  subsurface  stresses  are 
not  noticeably  affected. 

Note  that  this  model  is  highly  idealized  since  as 
seen  in  previous  sections,  a  change  in  the  thickness  of 
the  hardened  layer  can  decrease  plowing  and  hence 
friction.  Despite  this  deficiency,  the  model  does 
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illustrate  the  inability  of  a  very  thin  layer  alone  to 
alter  subsurface  deformation. 

2.  The  Effect  of  the  friction  coefficient  on  subsurface 
deformation; 

Figures  5.2.4,  5.2.5  and  Figures  5.2.12,  5.2.13  show 

the  T  and  t  stress  components  for  u=.l  and  ij=.47, 
xy  max 

respectively  and  components  for  each  remaining 

solution  in  this  section  can  be  found  in  Appendix  D) . 

All  other  parameters  remain  constant  between  the  two 

sets.  When  the  friction  coefficient  is  increased  to 

.47  the  stresses  change  substantially.  The  yield 

criterion  is  satisfied  at  the  surface  and  to  a  depth  of 

20  ym.  When  )j  =  .1,  the  yield  condition  is  only 

satisfied  in  a  small  region  below  the  surface.  Also  as 

the  friction  coefficient  is  increased  the  t  component 

becomes  substantially  larger  and  the  maximum  stress 

shifts  toward  the  surface.  The  a  and  o  components 

XX  yy  ^ 

are  also  increased.  Thus,  changing  only  the  friction 
coefficient  can  substantially  reduce  subsurface 
deformation  and  stresses,  and  hence  can  reduce  wear. 

3.  The  effect  of  reducing  p^  on  subsurface  deformation; 

The  stress  component  and  maximum  shear  component 

for  p=l/2p^^  and  p=3/4pp  are  shown  in  Figures  5.2.14, 
5.2.15  and  Figures  5.2.16,  5.2.17,  respectively.  The 
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depths  normalized  with  respect  to  the  maximum  applied  normal 
p  ,  for  contact  length,  a=20yiii,  y=.47,  E,/E_=2.5,  and  d=.2yin. 


friction  coefficient  is  .1  and  the  depth  of  the 
hardened  layer  is  .  2  yni  in  both  cases.  Similar  to  case 
2,  the  stresses  are  considerably  reduced  as  p  is 
reduced.  In  both  cases  the  condition  for  yielding  is 
not  met,  hence  delamination  wear  will  not  occur.  A 
similar  series  of  results  are  shown  in  Figures  5.2.18 
and  5.2.19,  now  only  with  E2^/E2=1»  ie.  no  hardened 
layer.  Comparing  these  results  with  the  previous 
results,  it  becomes  apparent  that  the  hardened  layer 
has  more  of  an  effect  on  reducing  the  stresses  as  the 
normal  pressure  is  reduced. 

A  summary  of  the  above  cases  is  as  follows: 

A  thin  hardened  layer  alc'e  has  little  effect  on 
reducing  subsurface  deformation. 

Lowering  the  friction  coefficient  substantially  reduces 
subsurface  deformation 

-  If  the  contact  pressure  is  reduced  subsurface 
deformation  may  be  eliminated. 

It  is  also  interesting  to  note  that  the  shear  stress  is 
always  positive  in  front  of  the  contact  area  and  negative 
behind  the  contact  area.  This  result  agrees  with  the  work 
conducted  by  Jaharimir  [5]  for  an  elastic  perfectly  plastic 
solid. 
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rate  substantially  if  the  friction  coefficient  is  reduced. 
For  the  work  conducted  here,  the  friction  coefficient  is 
primarily  composed  of  the  plowing  forces  since  the  tests 
were  lubricated  and  the  sliders  and  specimens  were  polished 
smooth.  Because  plowing  is  reduced  by  an  increase  in 
hardness  of  the  surface  material,  implantation  will  be 
effective  in  reducing  wear,  if  a  hardened  layer  is  created. 


6.  DISCUSSION!  OF  EXPFRIMKWTAL  RESULTS 


6 . 1  Friction  Coefficient  an^d  l^ar 

To  minimize  plowing  and  conseiiuent ly  friction,  the 
number  of  embedded  wear  particles,  either  from  the 
slider-specimen  material  or  from  the  environment,  must  be 
minimized  and/or  a  smooth  hard  surface  used.  In  accordance 
with  the  model  ^jroposed,  we  found  that  those  implanted 
specimens  which  showed  a  reduction  in  the  friction 
coefficient  (and  wear)  had  a  liard,  tliin  layer  on  the 
surface.  Figure  G.1.1  shows  evidence  of  a  hard  layer  on  the 
U  implanted  titaniuia  pin  surface.  Under  tine  applied  load, 
the  thin  layer  appears  to  have  beexi  "crushed  in".  The  U 
implanted  iron  pin,  shown  in  Figure  6.1.2,  also  has  this 
hard  layer,  signified  by  the  sharp  fracture  lines  along  the 
edge  of  the  plowing  scars.  A  more  ductile  deformation 
occurs  on  the  unimplanted  surface. 

The  hard  layer  found  on  the  N  implanted  titanium  and 
iron  dishs  could  be  a  result  of  one  or  both  of  the  following 
phenomena : 

1.  Lattice  distortion 

2.  Formation  of  hard  compounds 

In  the  former  case,  the  increase  in  the  internal  stress  may 

impede  dislocation  motion  and  hence  produce  a  hardened 

layer.  In  the  latter  case,  it  is  speculated  that  Ti  U  O 
^  X  y  z 
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Tvfnral  imi  ’aiitod  titaniui"  riin  surface'.  I’h'-  siirfaro  la'.'rr 

at.Hx'ars  tn  havi’  b<‘cn  "crushofi  in"  at  Mio  scar  educ .  (lubricate 
test  in  air;  ]oad^400ri;  12,000  rev.) 


and  Fe^NyO^,  is  formed  during  the  implantation  of  n"^  into 

titanium  and  iron,  respectively.  Oxygen  has  been  included 

since  it  was  present  on  the  surface  during  implantation. 

Singer  [72]  found  traces  of  Ti  N  in  implanted  titanium 

X  y 

specimens,  although  the  amount  present  was  not  clarified. 

The  presence  of  Fe^N^O^,  could  then  account  for  the  change  of 

color  of  the  implanted  surface.  The  thickness  of  these 

o  __  0 

layers  are  estimated  (3a)to  be  2000  A  (2x10  m)  and  1375  A 

-7 

(1.575x10  m)  ,  respectively  (Figure  6.1.3).  The  scarring 
of  the  implanted  iron  specimen  varies  from  an  unscarred 

surface  to  one  with  occasional  plowing  grooves.  Only  when 

wear  particles  or  foreign  matter  are  embedded  into  the  pin 
or  disk,  are  plowing  grooves  evident.  Both  implanted  pin 
surfaces  were  worn,  but,  not  to  the  extent  of  the 

unimplanted  pins. 

Due  to  a  reduction  in  the  number  of  plowing  grooves  on 
the  specimen  surfaces  and  the  amount  of  material  plastically 
deformed  on  the  pin  surfaces,  it  is  expected  that  the 

friction  coefficient  will  be  correspondingly  reduced.  This 
is  what  was  observed  in  both  cases,  thus  supporting  the 
model.  Since  the  friction  coefficient  was  reduced,  the  wear 
rate  will  also  be  reduced,  as  was  also  observed. 

+ 

The  N  implanted  titanium  surf  'es  showed  superior  wear 
resistance.  Although  this  result  was  attributed  to  the 
presence  of  a  hard  layer,  another  mechanism  described  by 
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Buckley  and  Johnson  [73]  may  also  help  explain  the  superior 
tribological  behavior.  They  found  that  hexagonal  titanium, 
with  a  c/a  ratio  of  1.585,  has  a  high  friction  coefficient. 
This  was  because  slipping  occured  primarily  in  the  flOlO) 
planes  where  the  critical  resolved  shear  stress  (stress 
required  to  shear  plane)  was  approximately  5  kg/sq  mm  in 
compression.  Cobalt  on  the  other  hand,  has  a  c/a  ratio  of 
1.625.  Here,  slipping  occured  primarily  on  the  basal  plane 
where  the  critical  resolved  shear  stress  was  only  .675  kg/sq 
mm.  They  also  found  that  when  small  amounts  of  alloying 
elements  (oxygen,  nitrogen,  carbon,  etc. )  were  added  to 
titanium,  the  lattice  ratio  was  increased  and  the  friction 
and  wear  was  reduced  as  slipping  occurred  primarily  on  the 
basal  plane.  Thus  implanted  into  titanium  might  have 
caused  the  c/a  ratio  to  increase  thus  providing  better  wear 
resistance . 

.  +  ,  .  +  ,  ,  +  , 
Unlike  the  N  /Ti  or  N  /Fe  specimens,  the  Al  /Fe 

specimen  is  deformed  and  plowed  in  numerous  areas  of  the 

wear  track.  These  plowing  grooves,  however,  are  much 

shallower  than  those  on  the  unimplanted  specimen.  This 

explains  the  reduction  in  the  friction  coefficient.  As 

expected,  after  a  sliding  distance  of  several  inches  the  Al^ 

implanted  iron  pin  forms  embedded  wear  particles  which  cause 

the  observed  plowing.  Although  plowing  occurs,  loose  wear 

particles  were  sparsely  distributed  in  the  lubricant  and 

wear  was  not  measurable  even  after  56  hours  of  continuous 
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sliding.  The  presence  of  aluminum  on  the  surface  and  in  the 
wear  groove  appears  to  increase  the  hardness  of  the  near 
surface  region  which  explains  the  increased  wear  resistance 
observed.  It  is  speculated  that  the  aluminum  present  was  in 
the  form  of  A1202- 

The  persistent  wear  resistance  and  presence  of  aluminum 
at  depths  greater  than  that  of  the  implanted  layer  in  the 
Al^/Fe  specimens  can  be  explained  as  follows:  Plowing  of 
the  surface  can  occur  by  the  plowing  tool  actually  digging 
into  the  surface  or  by  the  asperity  sliding  on  the  top  of 
the  surface  and  pushing  the  layer  down,  which  causes  plastic 
flow  of  the  material  along  the  edges  of  the  wear  groove 
(Figure  6.1.4).  In  the  latter  case,  as  modeled  in  Figure 
6.1.5,  the  pin  is  still  sliding  on  a  hardened  layer  even 
though  plowing  occurs.  The  presence  of  aluminum  at  depths 
much  greater  than  the  implanted  layer,  as  shown  using  SIMS 
and  ISS,  cannot  be  explained  in  terms  of  the  diffusion 
process,  since  predicted  diffusion  rates  of  aluminum  into 
iron  is  only  on  the  order  of  several  atomic  diameters  for 
the  testing  time. 

It  is  interesting  to  note  that  the  friction  coefficient 
of  the  Al  implanted  iron  system  is  half  that  of  the  N 
implanted  iron  system  even  though  the  specimen  surface  of 
the  Al^/Fe  specimen  has  a  larger  number  of  wear  grooves. 
This  can  be  explained  by  comparing  the  worn  pin  surfaces. 


.1.4  Typical  Al^  implanted  iron  specimen  wear  aroove 
(lubricated  test  in  air,  load=400a,  12,000  rev. 
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IMPLANTED 

LAYER 


GROOVE  WIDTH 


iigure  6.1.5  Model  of  contact,  between  a  rigid  asperity  and 

an  Al"*"  implanted  iron  surface.  Sliding  direction 
is  normal  to  the  plane  of  the  paper. 


It  is  speculated  that  the  forces  required  to  defonn  the 
+  , 

N  /Fe  pin  surface  are  greater  than  those  required  in  the 

case  of  the  Al^/Fe  pin  surface,  because  a  thicker  hardened 

Layer  must  be  deformed.  The  thickness  of  the  Al^  implanted 

0  -8 

layer  is  only  7  50  A  (7.5x10  m)  .  Although  the  wear  was  not 


measurable  on 

the 

+  , 

A1  /Fe 

or  N^/Fe 

specimen 

the  model 

predicts  that 

the 

N'^/Fe 

specimen 

will  have 

a  higher 

delamination  wear  rate,  if  it  occurs,  since  the  friction 
coefficient  is  larger.  No  such  comparison  is  feasible 
between  the  iron  and  titanium  systems  since  the  bulk 
properties  are  considerably  different. 

Plowing  was  not  reduced  on  the  Zn^  implanted  copper  pin 
or  specimen  and  hence,  the  friction  coefficient  was  the  same 
as  that  for  the  unimplanted  copper.  Zinc  atoms  usually 
substitute  for  copper  atoms.  Thus,  the  material  hardness 
does  not  increase  substantially  since  substitutional  solid 
solution  hardening  has  a  relatively  mild  effect  on  hardness 
compared  with  other  hardening  methods  (i.e.  interstitial 
solid  solution  hardening).  The  absence  of  a  hard  layer  to 
reduce  plowing  explains  the  observed  severe  subsurface 
plastic  deformation  and  the  unchanged  tribological 
properties . 

Although  implanted  into  copper  had  no  long  term 
effects  on  the  friction  and  wear  behavior,  there  appeared  to 
be  a  change  in  the  chemical  state  of  the  near  surface  region 
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as  observed  by  the  formation  of  a  blue  film  found  only  on 
the  implanted  surface.  The  implanted  layer  was  either  too 
thin  or  not  hard  enough  to  minimize  plowing.  If  the  former 
case  is  valid,  then  perhaps  at  lighter  loads  or  under  better 
lubrication  there  may  be  some  application  for  the  N^/Cu 
system.  The  layer  thickness  can  also  be  increased  by  using 
a  range  of  accelerating  voltages  and  high  doses  as  shown  in 
Chapter  3.  In  general,  most  FCC  metals  do  not  show  a 
substantial  increase  in  hardness  when  alloying  elements  are 
added  to  the  bulk  material. 


7.  A  COMPARISON  BETWEEN  ION  NITRIDING 


AND  ION  IMPLANTATION 

7 . 1  Introductory  Remarks 

It  is  important  to  compare  the  effects  of  ion 
implantation  with  other  techniques  used  to  alter  the 
tribological  behavior  of  surfaces  in  order  to  investigate 
the  practical  applications  for  implantation.  One  such 
process  is  ion  nitriding.  It  is  an  inexpensive 
casehardening  technique  which  uses  the  energy  of  a 
glow-discharge.  The  specimen  becomes  the  negative  electrode 
of  a  low  pressure  glow-discharge  in  a  mixture  of  nitrogen 
and  hydrogen  gases.  The  nitrogen  ions  then  bombard  the 
specimen  surface  under  the  action  of  an  applied  voltage 
[74]. 

7 . 2  Advantages  and  Disadvantages  of  Ion  Nitriding 

Ion  nitriding  has  been  shown  to  increase  wear 
resistance,  fatigue  life,  corrosion  resistance,  and 
load-carrying  ability.  One  of  its  major  advantage  over  ion 
implantation  is  the  cost  of  casehardening  a  part.  Also  the 
thickness  of  the  hardened  layer,  approximately  .076  cm,  is 
much  greater  than  that  formed  during  ion  implantation.  As 
examined  in  Chapter  6,  ion- implanted  surfaces  do  not  have 
any  load  carrying  abilities,  because  the  thickness  of  the 


layer  is  so  thin.  Ion  nitriding,  however,  is  a  time 

consuming  process,  taking  25-30  hours  on  the  average, 

17  2 

whereas  ion  implantation  (at  a  dose  of  10  ions/cm  )  takes 
between  15  minutes  and  several  hours,  depending  on  the  beam 
current  and  substrate  material.  Also  the  surface  finish 
from  the  implantation  process  is  superior  to  the  ion 
nitriding  process.  In  many  applications  the  ion  nitrided 
surface  must  be  finished  after  nitriding. 

7 . 3  Experimental  Procedure 

The  ion  nitrided  samples  for  the  friction  and  wear 
tests  were  prepared  in  the  same  manner  as  the  ion- implanted 
samples  (see  Chapter  4).  The  samples  also  were  stored  in 
isopropyl  alcohol  preceding  and  following  nitriding.  The 
nitriding  process  was  conducted  in  a  suitable  atmosphere  for 
30  hours  at  783  K.  Both  pins  and  disks  were  nitrided.  The 
testing  procedure  and  conditions  were  the  same  as  for  the 
implanted  samples. 

7 . 4  Experimental  Results  and  Discussion 

The  friction  coefficient  of  the  ion  nitrided  samples  is 
approximately  .1  compared  with  .128  for  the  unimplanted  iron 
sample.  The  friction  coefficient  of  the  implanted  iron 

sample,  however,  is  approximately  .065,  still  considerably 
smaller  than  the  ion  nitrided  sample  (Figure  7.4.1) 
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FE  UNIMPLANTED 


ancie  in  friction  coefficient  with  sliding  distance  of 
implanted  Fe ,  ion  nitrided  Fe ,  and  implanted  iron  systems, 
ubricated  tests  in  air;  load=400q) 


The  nitrided  specimen  has  a  few  shallow  xjlowing  grooves 
as  seen  in  Figure  7.4.2.  The  pin  surface,  on  the  other 
hand,  is  severely  scarred  (Figure  7.4.3).  The  surface  is 
also  much  rougher  than  the  implanted  pins.  Note  that  the 
scarred  area  of  the  nitrided  pin  is  smooth  in  the  center  and 
there  is  no  evidence  of  delamination  wear  particles.  Using 
a  Vicker's  hardness  tester  (25  g),  the  hardness  of  the 

nitrided  surface  was  found  to  be  over  3  times  greater  than 
the  hardness  of  the  untreated  iron. 

Although  the  friction  coefficient  of  the  ion  nitrided 

+ 

surface  was  higher  than  the  N  implanted  surface,  there  is 

no  evidence  that  the  wear  rate  is  higher  in  the  ion  nitrided 

sample.  The  model  proposed  in  Chaxiter  5  may  not  be  valid 

since  the  thickness  of  the  ion  nitrided  surface  is  not 

known.  The  nitrided  surface  may  have  load  carrying  ability 

unlike  the  implanted  surface.  The  nitrided  pin  surface  is 

+ 

scarred,  yet  delamination  is  not  evident,  whereas  on  the  N 
implanted  pin  surface,  delamination  has  occurred.  Since 
subsurface  deformation  must  occur,  at  depths  corresponding 
to  the  width  of  contact  (10  yra  to  20  pm),  for  delamination 
particles  to  be  formed,  the  depth  of  the  nitrided  hardened 
layer  must  be  large  enough  to  carry  some  if  not  all  of  the 
load.  Hence  subsurface  deformation  will  be  reduced. 


Fi'iurc'  7.4.?  Tyf)ic,il  wc'nr  scar  on  an  ion  nitricJoci  |iin. 

(  1  ubr' i  ca  I  (^ci  to.nt.  in  air,  load=4n0a,  12,000 


rev .  ) 


The  friction  coefficient  of  the  ion  nitrided  surface 
may  be  larger  than  the  implanted  surface  as  a  result  of 
the  surface  roughness.  The  asperity  deformation  component 
of  the  friction  force  will  be  larger  in  the  case  of  a 
rougher  surface. 

There  is  one  important  point  to  note  when  comparing 

implantation  with  ion  nitriding  using  pure  iron  as  the  bulk 

material.  In  conventional  ion  nitriding,  the  major 

hardening  mechanism  is  attributed  to  the  formation  of 

nitrides  with  the  impurities  of  the  iron  [75].  Using  pure 

iron  eliminates  this  hardening  mechanism.  This  may  also  be 
+  , 

the  case  with  N  implanted  iron  except  that  the  depth  of  the 
implanted  layer  is  much  smaller.  Thus  with  less  pure  iron, 
the  effects  of  ion  nitriding  and  ion  implantation  on  the 
tribological  behavior  may  be  superior  to  the  results 
obtained  with  pure  iron  although  the  second  phases  may  also 
become  the  source  for  crack  nucleation. 


7  •  5  Remarks 

Ion  nitriding  inhibits  the  delamination  wear  process  in 
pure  iron  since  the  thicker  surface  layer  is  able  to  resist 
f-he  stresses  resulting  from  surface  tractions  which  reduces 
subsurface  deformation.  The  wear  observed  for  the  testing 
conditions  is  approximately  the  same  as  that  found  for 
implanted  pins  and  disks.  There  is  evidence  that  the 
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thickness  of  .10  hardened  layer  is  several  orders  of 
magnitude  greater  for  the  ion  nitrided  iron  than  the 
implanted  iron.  Thus  the  ion  nitriding  process  may  be 
superior  to  the  implanted  process  for  higher  loads  and 
under  dry  sliding.  For  lower  loads,  tribological  properties 
of  the  implanted  surface  appears  comparable  to  ion 
nitriding  although  it  is  unlikely  that  the  mechanisms 
producing  the  favorable  friction  and  wear  properties  are  the 
same  in  both  cases.  Ion  implantation  is  superior  if  the 
surface  finish  is  of  importance.  Thus  is  does  not  appear 
that  implantation  will  eliminate  all  applications  for  ion 
nitriding  or  vice  versa.  They  both  are  useful  surface 
treatments  depending  on  the  application. 


8. CONCLUSIONS  AND  RECOMMENDATIONS 


8 . 1  Major  Conclusions 

Experimental  and  theoretical  investigations  summarized 
in  this  report,  explain  the  effect  of  ion  implantation  on 
friction  and  wear  of  metals.  Improved  tribological 
properties  of  implanted-metals  are  a  result  of  the  formation 
of  a  hardened  layer  in  the  near  surface  region.  It  is 
speculated  that  the  hardening  is  created  by  changes  in 
mechanical  properties  and  surface  chemistry  caused  by 
alloying  effects.  The  thin  hard  layer  does  not  serve  to 
support  the  load,  but  rather  to  decrease  the  plowing 
component  of  friction. 

The  plowing  component  of  the  friction  force  is  reduced 
when  plastic  deformation  of  the  pin  surface  is  reduced. 
When  subsurface  deforration  of  this  surface  is  sufficiently 
lowered,  the  plowing  tools  created  during  the  delamination 
wear  process  are  not  formed  on  the  smooth  pin  surface  and 
hence,  the  specimen  surface  is  not  plowed.  This  reduction 
in  the  plowing  component  occurs  when  a  hardened  layer  is 
created  on  the  surface  of  the  pin.  Also  plowing  can  be 
reduced  if  this  hard  layer  is  present  on  the  specimen 


surface . 


1 


Using  FEM  to  model  an  isotropic  linear  elastic 
semi-infinite  solid  under  contact  of  a  stationary  rigid 
asperity,  it  was  found  that  changes  in  the  friction 
coefficient  substantially  reduces  subsurface  deformation  and 
hence  wear.  To  summarize,  when  a  hardened  layer  is  created 
on  the  surface  of  a  specimen  and/or  slider,  the  plowing 
component  is  reduced  which  lowers  the  friction  coefficient. 
A  reduction  in  the  friction  coefficient,  in  turn,  reduces 
wear. 


Of  the  ion-substrate  combinations  investigated,  only 
the  implanted  titanium  and  iron  systems,  and  the  Al''^ 
implanted  iron  system  showed  an  improvement  in  the  friction 
and  wear  properties.  Under  the  testing  condtions,  the  Zn”^ 
implanted  copper  and  the  n'*’  implanted  copper  had  little 
affect  on  the  tribological  properties. 

The  effects  of  implanted  into  iron  on  the  friction 
and  wear  behavior  of  metals  was  compared  with  those  of  ion 
nitriding.  Ion  nitriding  appears  to  have  load-carrying 
abilities,  unlike  implantation,  because  the  thickness  of  the 
nitrided  hardened  layer  is  several  orders  of  magnitude 
larger  than  that  of  the  ion  implanted  layer.  Consequently, 
under  dry  sliding  conditions  and  for  higher  loads,  ion 
nitriding  would  be  superior  to  ion  implantation.  For  lower 
loads  under  lubricated  conditions  the  implanted  iron 
surface  appears  comparable  to  ion  nitriding,  although  the 
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mechanisms  creating  the  superior  tribological  properties  are 
most  likely  different.  On  the  other  hand,  ion  implantation 
would  be  preferred  over  ion  nitriding  under  light  loads,  if 
the  surface  finish  was  of  importance.  The  surface  is 
roughened  during  the  ion  nitriding  process.  Clearly,  if 
advances  are  made  in  the  design  of  accelerators,  ion 
implatantation  would  be  an  economical  and  beneficial  surface 
treatment  for  numerous  applications. 

8 . 2  Recommendations  For  Future  Work 

Because  of  the  possible  economic  and  technological 
impact  ion  implantation  can  have  on  commercial  processing, 
it  deserves  a  thorough  investigation  of  its  effects  on 
friction  and  wear. 

Further  research  needs  to  be  conducted  on  the  effect  of 
varying  dosage  and  thickness  of  the  implanted  layer.  As 
with  soft  coatings,  there  may  be  optimum  thickness  for 
the  hardened  layer  depending  on  the  ions  and  bulk  material. 
Also,  as  several  investigators  have  observed,  there  is  an 
optimum  dose  whereby  the  benefits  of  ion  implantation  on  the 
tribological  properties  is  maximized. 

The  postulated  mechanisms  of  friction  and  wear  of 
implanted-metals ,  presented  in  this  report,  provides  only  a 
fundamental  foundation  for  implantation  theory.  Further 

theoretical  analysis  needs  to  be  conducted  in  order  to 
expedite  or  eliminate  trial  and  error  experimental  research. 
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APPENDIX  A:  SAMPLE  MATERIAL  AND  PREPARATION 


A  description  of  sample  preparation  is  given  in  chapter 
4.  A  more  detailed  description  of  sample  composition  and 
sectioning  is  described  herein. 

A . 1  Chemical  Composition  and  Processing  Methods 

The  materials  were  selected  to  rex^resent  a  variety  of 
crystalline  structures;  fee,  bcc  and  hep.  Also  only  single 
phase  materials  were  used  in  order  to  reduce  the  number  of 
design  parameters.  For  example,  the  effect  of  carbon  in 
iron  considerably  complicates  the  interpretation  of  results. 

1.  High  Puri^  Iron  (99.9999%)-  A  chemical  analysis  of  the 
iron  is  given  in  Table  A. 1.1.  The  pin  mateial  was 
electron  beam  melted  and  cold  fabricated  to  size  under 
clean  room  conditions.  The  specimen  material  has 
inclusions  due  to  the  processing  method. 

2.  Commercially  Pure  Titanium-  The  titanium  was  obtained 
commercially  as  hot  rolled  rods.  The  contituents 
(maximum)  other  than  titanium  include  .05  N,  .10  C, 
.015  H,  .025  O,  and  .20  Fe . 

3.  O .  F .  H .  C .  Copper-  The  copper  bars,  99.95%  x^'^^e,  were 
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cold  rolled. 


A . 2  Sample  Sectioning  and  Mounting 

Prior  to  sectioning  the  samples,  the  surface  were 
protected  by  a  nickel  coating.  The  specimens  were  vapor 
degreased,  and  rinsed  in  isopropyl  alcohol  prior  to  plating 
to  insure  strong  bonding  between  the  substrate  and  the 
nickel.  The  plating  was  done  at  low  current  to  insure  a 
smooth  continuous  layer. 


The  ' 

worn  specimens. 

that 

were 

sectioned. 

were 

orientated 

as  shown  in 

Figure 

A. 2.1. 

There  is 

some 

distortion 

of  the  surface. 

Any  rod 

shape 

inclusions 

lying 

parallel  to  the  surface  and  perpendicular  to  the  edge  will 
appear  thicker.  Those  lying  parallel  to  the  edge,  however, 
will  not  be  distorted.  No  direct  strain  measurements  are 
taken  from  the  SEM  micrographs,  consequently  the  problem  of 
interpretation  is  bypassed. 

Preceding  polishing  and  cleaning,  the  samples  were 
etched.  The  etchants  used  are  as  follows: 

Iron-  1%  nital 

O .  F .  H  .  C  .  Copper-  100  ml  H^O;  8  ml  8280^^;  .5  ml  HCl  ; 

2  g  potassium  dichromate. 

Titanium-  33%  HF;  33%  Cloric  Acid;  33%  H2O;  by 

volume . 
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APPENDIX  B:  ESTIMATION  OF  WEAR  VOLUME 


USING  TALYSURF  TRACE 

The  Talysurf  traces  were  taken  at  0°,  90°,  180°,  and 

270°  for  each  wear  track.  The  area  of  the  wear  track  is 
estimated  for  all  four  traces  of  a  given  track,  as  shown 
below.  These  areas  are  then  averaged  so  that  the  wear 
volume  can  be  estimated. 

For  this  example  assume  the  trace  shown  in  Figure  B.l 
represents  the  "average"  wear  area. 

The  wear  rate  is  given  by: 


Where; 

A=  area  of  material  worn  on  trace 
r=  radius  of  worn  track 
s=  total  sliding  time 
For  this  example 

V  =  ^  ^  5xl0"^  mmVsec 

3600  sec 
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APPENDIX  C;  FEM  SOLUTION 


Techniques  used  in  deriving  an  approximate  solution  of 
surface  and  subsurface  stresses  for  a  linear  elastic 
semi-infinite  solid  against  a  rigid  plane  is  described 
below.  The  effect  of  a  hard  thin  layer  on  top  of  a  softer 
bulk  material,  as  it  occurs  in  some  ion- implanted  systems  is 
examined.  ADINA  (Automatic  Dynamic  Incremental  Nonlinear 
Analysis),  a  finite  element  computer  program  for  the  static 
and  dynamic  displacement  and  stress  analysis  of  solids, 
fluid-structure  systems,  and  structures,  was  used  to  solve 
the  above  problem.  Two  dimensional  plane  strain  elements 
were  used.  Figure  C.l  shows  the  mesh  used  in  solving  the 
problem,  where  d  is  the  depth  of  the  hardened  layer  with 
Young's  modulus,  Ej^,  and  Poisson's  ratio,  v^. 

Typical  elements  used  in  the  mesh  are  shown  in  Figure 
C.2.  For  all  elements,  there  were  8  input  nodes.  However, 
the  output  stress  table  includes  9  points  (including  one  in 
the  center  of  the  element).  In  many  cases  a  single  node  may 
be  a  point  in  several  elements.  For  example,  in  Figure  C.2, 
node  3  in  element  1,  (E^^),  is  also  node  4  in  element  2, 
(E2)/  node  1  in  element  3,  (E^)*  and  node  2  in  element  4, 
(E^).  The  the  stress  values  of  this  point,  vary  within  a 
few  %  from  element  to  element  because  the  equilibrium 
equations  are  continuously  changing. 


Figure  C.l  Finite  element  grid  used  to  represent  a  hard  thin  layer  on  a  soft 
bulk  material  (Ei,V3^  for  thin  layer,  E2/V2  for  bulk  material). 


Figure  C. 


2  Typical  2-D  elements  including  nodal  point 
configuration. 


Figure  C.3  Schematic  for  weighted  average  technique. 


In  order  to  plot  the  stresses,  a  single  value  for  each 
node  must  be  determined.  The  method  used  to  determine  these 
values,  for  the  mesh  described  above  is  as  follows: 

1.  The  values  for  a  given  node  are  averaged.  This  is  done 
for  each  node. 


2. 


To  plot  the  stresses,  the  values  of  interior  points  of 
the  element  are  needed  if  the  block  size  is  changed. 
To  find  the  stress  values  in  an  interior  point  of  a 
given  element  a  weighted  average  technique  was  employed 
using  both  vertical  and  horizontal  nodes.  For  example, 
the  value  of  point  X  in  Figure  C.3  would  be  determined 
as  follows: 


2/3  +  1/3  V5 

1/2  +  1/2  Vg 

1/2  V5  +  1/2  Vg 
2/3  Vg  +  1/3  Vg 


-value  at  point  a  (V^) 
-value  at  point  d  (V^) 
-value  at  point  b  (Vj^) 
-value  at  point  c  (V^ ) 


Then  the  value  at  X  is; 


X 


2V  +  V,  V  +  V 

_ k- . J  4.  a  c 


/2 


For  more  information  concerning  ADINA  refer  to  reference  75. 


APPENDIX  D;  SUBSURFACE  STRESS  DISTRIBUTIONS 


The  steady  state  a  ,  a  ,  t  components  of  the  state 
^  XX  yy  xy 

of  stress  at  different  depths  normalized  with  respect  to  the 
maximum  applied  normal  stress,  p^,  for  contact  length,  a=20 
yin,and  for  different  ratios,  friction  coefficients  and 
hard  layer  depths,  are  presented  in  this  appendix. 
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contact  length,  a=20vm,  u=.47,  E,/E,=  2.5,  and  d=.2yin 


Figure  D.5  The  steady  state  oxx^omponent  of  the  state  of  stress  at  different 

depths  normalized  with  respect  to  the  maximum  applied  normal  stress 
p  ,  for  p=l/2p  ,  a=20vm,  p=.l,  E./E_=2.5,  and  d=.2vm. 


■05/  V  -.25 


The  steady  state  component  of  the  state  of  stress  at  different 
depths  normalized  with  respect  to  the  maximum  applied  normal  stres 
p  ,  for  p=l/2p  ,  a=20)jm,  ij=.1,  and  E  /E_=l. 
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APPENDIX  E;  MICROGRAPHS  OF  WORN  SURFACES 


Micrographs  of  worn  pins  and  disks  of  various  implanted 
and  unimplanted  surfaces  are  illustrated  in  this  appendix. 
They  are  supplementary  to  those  found  in  Chapter  4. 
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